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ABSTRACT 
 
The automotive rear axle is a part of the final drive for front engine, rear wheel drive, road 
vehicles. The axle is an important component in vehicle dynamics. The task of the axle is to 
transfer drive to the road surface as efficiently and with as low a mechanical loss as 
possible. Usually, the rear axle consists of a hypoid bevel geared transmission and a 
differential. 
A thermally coupled mathematical model of a hypoid axle is developed to calculate the total 
power loss in the rear axle. The drive cycle and gear and bearing details along with 
operating conditions are used as input data. The model also considers gradient, tyre 
pressure, aerodynamics and external temperature for a given drive cycle. The heat liberated 
due to mechanical losses at each time step and removed by convection is found, leading to 
the temperature of the bulk oil and components. Buckingham’s approximate analysis is used 
to define contact conditions for the hypoid gear pair. Elastohydrodynamic theory is applied 
to calculate film thickness and traction at the gear and bearing contacts. A tribometer 
(MTM) is used to obtain lubricant rheological parameters. Empirical formulae are used to 
find churning, seal and bearing losses. The efficiency of the axle is derived for different 
lubricants for the specified drive cycle. 
The prediction of the axle power loss is validated through comparisons with extensive 
experiments performed on the Ford F150 2010 model and a separate axle test rig, over a 
wide range of operating conditions. The comparisons between modelling results and test 
measurements demonstrate that the thermally coupled model is indeed capable of 
predicting the axle efficiency or temperatures reasonably well. 
The findings showed that the intended use of the vehicle greatly affected the temperature 
in the axle and hence determines the ranking order of lubricants. Lubricant rheology 
strongly influenced the overall efficiency of the axle. A lubricant boundary friction additive 
was only effective for the most severe drive cycle giving a significant reduction in the axle 
temperature. 
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A simple test rig was built up to study churning losses of a partly immersed spur gear. This is 
similar to dip lubrication used in the axle. The influence of variation in air pressure within a 
cylindrical enclosure was investigated. This test was used to investigate the effect of the 
gear speed, air density and fluid properties, and used as a lubricant ranking method for 
churning losses. Lubricant base oils, water and aqueous glycerol solutions were tested using 
the inertia rundown method.  
The findings showed that the principal effects are those due to inertia and weight of the oil 
on the churning power loss. High viscosity lubricants impede gravitational reflow reducing 
overall losses. When air pressure varied, vacuum (0 bar) in the enclosure increased the 
power loss by up to 4.5 times, while Compressed air (2 bar) reduced the power loss by up to 
2.2 times, compared to atmospheric pressure, for the more viscous oils. Glycerol aqueous 
solutions give similar trend curve for the losses comparable to oils but an effect of surface 
tension is predominant. Adding a surfactant to water led to a reduction in the power loss 
possibly resulting from the effect of the surface tension of the fluid. 
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NOMENCLATURE & ABBREVIATION 
 
Uppercase letters 
  : Vehicle frontal area      : Axle surface area 
   : Immersed gear surface area    : Biot number 
   : Specific heat       : Coefficient of drag 
  : Young’s modulus 
   : Reduced Young’s modulus  =   
     
  
  
 
     
  
  
 
  
 
  : Tractive effort       : Froude number 
  : Bulk modulus     
   : Material Parameter   =     
   : Gear ratio       : Grashof number 
   : Thermal parameter     : Vehicle length 
  : Vehicle mass       : Axle mass 
   : Nusselt number     : Power 
    : Bearing power loss       : Gear churning power loss 
    : Gear friction power loss     : Prandtl number 
   : Gear pitch radius      : Reynolds number 
   : Reduced radius   =  
 
   
 
 
   
 
  
 
   : Reduced radius   =  
 
   
 
 
   
 
  
 
   : Reduced radius     : Temperature 
   : Total torque       : Seal torque 
    : Gear torque        : Pinion torque 
   : Torque        : Mean temperature 
   : Axle surface temperature     : Ambient temperature 
   : Speed parameter   = 
   
    
 
   : Sliding speed    =         
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  : Entrainment speed   =  
     
 
  
   : Dipped volume of gear     : Volume of fluid 
   : Load parameter   = 
 
     
 (Line cont) = 
 
    
  (Point cont) 
  : Normal force 
 
Lowercase letters 
      : Constants      : Gravity 
   : Johnson parameters   = 
      
    
 
   : Johnson parameters   = 
  
    
 
   : Dimensionless number  = 
    
  
 
   : Dimensionless number  = 
  
 
  
  
 
  : Convective heat transfer coeff.    :  Central film thickness 
    :  Dimensionless central film thick.    : Fluid fill level 
   :  Minimum film thickness      :  Dimless. Min. film thick. 
   : Inertia of the gear 
  : Ellipticity parameter   = 
  
  
 
   : Thermal conductivity of the body    : Thermal cond. of the fluid 
  : Characteristic length     : Pressure 
  : Mean pressure 
   : Pressure constant   =          Pa 
   : Maximum contact pressure     : Tyre radius 
   : Regime parameter     : Vehicle velocity 
  : Average vehicle velocity     : Highway air flow velocity 
   : Urban air flow velocity    : Pressure viscosity index 
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   : Density       : Kinematic viscosity 
   : Absolute viscosity       : Overall efficiency 
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   : Rotational speed      : Coefficient of friction 
    : Coefficient of boundary friction     : Coefficient of EHL friction 
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   : Shear stress in contact     : Mean shear stress 
    : Eyring stress        : Mean Eyring stress 
 
ABBREVIATION 
2D : Two Dimensional   3D : Three Dimensional 
ASTM : American Society of Testing Materials 
ARTEMIS: Assessment and Reliability of Transport Emission Models and Inventory Sys. 
BL : Boundary Lubrication   CAD : Computer Aided Design 
CFD : Computational Fluid Dynamics DAQ : Data Acquisition equip. 
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1 INTRODUCTION 
 
 
1.1 Research Scope 
The Figure 1.1 shows the energy flow in the vehicle where an engine consumes more than 
two-thirds of energy from obtainable fuel combustion [1]. Only around 15 to 22 percent of 
the total energy is used to move the vehicle at the required speed together with running 
useful accessories, such as the air conditioning. The remaining energy is lost to driveline 
inefficiencies and idling. This proves the prospects to improve energy flow in vehicle with 
advanced technologies are massive. 
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Figure 1.1: Vehicle energy flow for a US midsize passenger car: (a) Urban (b) 
Highway driving 
Current trends in the vehicle industry have enhanced performance of new vehicles by 
improving fuel efficiency. The main focus is on pushing the technology to reduce 
environmental pollution, quality and cost-cutting issues. These include [2]: 
1. Unite two or more powering sources to drive the vehicle (e.g. Toyata Prius) 
2. Downsize engine with turbochargers and/or superchargers (e.g. Ford Focus) 
3. Selecting better material to reduce vehicle weight (e.g. Volkswagen Polo) 
4. Improve aerodynamics of the vehicle (e.g. Honda City) 
5. Vehicle electrification to control component working (e.g. Nissan LEAF) 
6.  Minimizing Driveline losses by automated manual or hybrid technology 
transmissions (e.g. Ferrari Enzo) 
However, now an efficiency improvement drive has come down to component level from a 
system level. The moving parts in the vehicle mean friction and wear when there is contact 
and rubbing, affecting overall efficiency. Improvements at the component level include: 
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7. Use better fuels like electric battery, hydrogen fuel cell to reduce carbon emission 
(e.g. Smart Fortwo CDI) 
8. Reduce rolling friction with high efficiency tyres (e.g. Michelin Energy Saver A/S) 
9. Employ higher efficiency lubricants for the intended application 
For 9, the main components in the vehicle that need lubrication due to relative motion are 
the manual and automatic transmission, axle, wheel bearings, valve gear, crankcase and 
accessories. Lubrication can be achieved with light oils to grease depending on the working 
environment. This research work concentrates on improving lubricant flow in the rear axle.  
The axle serves three main functions: first, to receive the power from the engine (via the 
gearbox and propeller shaft) and to transfer it to the driving wheels of the vehicle; second, 
to provide an overall reduction gearing which saves having to make this reduction in the 
gearbox, thus keeping the gearbox much smaller; and third, to enable the wheels to travel 
at different speed whilst cornering, without losing drive. 
The focus for the development of a fuel efficient lubricant is in gear and bearing friction, oil 
churning and gear windage. Improvements in the lubrication of road vehicle axles may 
include changes of lubricant rheology (like viscosity grade, base stock type), chemical nature 
(like oil additives) and lubrication systems (like fill level, circulation method, oil volume). 
 
1.2 Research Objectives 
The project aim is to understand and reduce losses in hypoid axles and to select improved 
lubricants for specific vehicle type and duties. This research studies the possible advantages 
and penalties for use of gear lubricants in the axle of a given vehicle over a wide range of 
usage. The project involves modelling of friction, churning losses along with field and 
laboratory testing for the range of lubricants. There are three major sections in this study. 
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1.2.1 Full vehicle efficiency modelling 
The core aspiration of the research is to develop a thermally coupled lubrication model of a 
rear drive axle system, which will predict transmission losses and temperature as a function 
of drive cycle, terrain, environment, lubrication system and lubricant properties. 
The solids in contact will experience elastic deformation and will present a lubricant film, 
the thickness of which varies with the load, entrainment speed and temperature. Higher 
pressures will be produced in the hypoid gear pair and the taper roller bearings where 
contacting surfaces are separated by the fluid film. The viscosity of lubricant is a function of 
pressure and temperature, and the hydrodynamic equations will be used to define this 
effect. This work attempts to use earlier regression equations to solve the thermal elasto-
hydrodynamic problem for gear and bearing contacts, in which these additional effects will 
be included. 
A numerical formulation of the thermal elasto-hydrodynamic analysis will be used for a gear 
and bearing contact model, a friction prediction model and a mechanical efficiency 
regarding the kinematic and geometric properties. The numerical solution will calculate 
fluid-film and boundary lubrication of gears and rolling bearings as well as models of 
churning and friction losses. 
The model will be validated against laboratory bench tests and field data. Different 
conditions like cold starting, steady driving, urban conditions, mountain roads, etc. will be 
reproduced. 
1.2.2 Elasto-hydrodynamic properties of lubricants 
A mini traction machine (MTM) is used to analyse the variation of the traction coefficient 
with lubricant temperature, entrainment speed and slide roll ratio (SRR). Lubricant traction 
behaviour needs to be evaluated satisfactorily from the experimental data which shows the 
influence of shear heating and asperity contact on traction values. A thermal correction in 
the elasto-hydrodynamic (EHD) regime will be applied to the test gear lubricants to extract 
isothermal EHD traction coefficients. 
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1.2.3 Speed dependent loss test equipment design & development 
In dipped lubrication systems, the fill level of the lubricant and component velocity are an 
important factor in the overall efficiency of the machine. A simple single gear test rig will be 
developed to use a wider range of fluids to examine the fundamental mechanism in the 
churning power loss. Experiments will be conducted to measure dipped lubricated system 
behaviour under controlled conditions. Atmospheric pressure churning losses have been 
extensively studied; there has been no attempt to quantify the effects of variation in the air 
pressure inside the container. The experimental investigations will be carried out for the 
three conditions namely atmospheric pressure, vacuum and compressed air to find out 
effect of air pressure. 
 
1.3 Thesis Outline 
Chapter 1: Introduction has presented a brief introduction to the research scope in the 
context of improving fuel efficiency. It has also discussed the research objectives to 
understand and reduce losses in final drives. 
Chapter 2: Background presents the relevant background information through the literature 
review of the types of axles, gearing systems, bearings, lubrication systems, rear axle 
lubrication, and churning and windage losses in dipped lubrication. Subsequently, Chapter 2 
presents need for current research which includes the importance of fuel economy 
requirements for automobiles, reduction in mechanical losses and combined approach 
during this research to predict the rear wheel drive axle efficiency. 
Chapter 3: A full vehicle model formulation presents a thermally coupled lubrication model 
of a vehicle axle system, which predicts transmission losses and temperature variation.  The 
theory and formulae used for the full vehicle model are discussed in detail. 
Chapter 4: MTM testing for candidate oils presents a comprehensive study based on the 
experimental work that shows Eyring stress for a gear lubricant can be calculated from 
temperature and pressure dependence. 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
INTRODUCTION 
26 
Chapter 5: Modelling results and corroboration presents the modelling results for standard 
drive cycles. Then the vehicle road test results and the axle bench test with tuned up axle 
thermal model results are compared. These tests were carried out in the research facility at 
Ashland, KY, USA by collaboration with guidance for the setup and the test procedure. 
Chapter 6: Gear churning- Test rig development presents the evaluation of speed dependent 
mechanical losses by designing & developing a single gear test rig. 
Chapter 7: Findings from churning test rig presents the test results in the single gear test rig, 
partly filled with a liquid, measuring the effects of fluid properties on the churning loss. Also 
Chapter 7 presents empirical formulae calculated using dimensional analysis 
Chapter 8: Discussion presents on three main sections of this research- the full vehicle 
model, the MTM testing and the gear churning rig. 
Chapter 9: Conclusion presents the conclusions of this thesis. 
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2 BACKGROUND 
 
 
2.1 Literature Review 
The literature review gives an overview of the types of axles, gearing systems, bearings, 
lubrication systems, rear axle lubrication, and churning and windage losses in dipped 
lubrication. A complete review on each subtopic that has been studied in this work would 
constitute a lengthy review. The detailed description is restricted to selected subtopics 
which are types of axles, elasto-hydrodynamic lubrication, film thickness and hypoid gear 
tooth contact and churning losses. 
2.1.1 Types of power transmission system 
 
 
 
Figure 2.1: Elements of power transmission system: (a) Front-mounted engine 
rear-wheel drive and (b) longitudinal front-mounted engine front-wheel drive 
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Manoeuvring of vehicles can be provided by transferring the power and torque produced by 
the engine to the wheels through the power transmission system. The power transmission 
system has different build characteristics according to the vehicle’s driving style which can 
be front-wheel drive, rear-wheel drive or four-wheel drive. The major advantage to rear-
wheel or four-wheel drive is that it spreads the road loads of the vehicle across all four 
tyres. In a rear-wheel drive vehicle, the rear wheels do the driving while the front wheels 
are used for the steering duties. In front wheel drive vehicles the front tyres must perform 
both functions and this could exceed the tyres’ capacity. 
Figure 2.1 shows the elements of a front-wheel and a rear-wheel drive power transmission 
system [3]. The elements of the system include clutch, gearbox, propeller shaft, universal 
joints, differential, drive shafts and tyres. The axle (final drive) is made up of differential and 
drive shafts which are explained thoroughly in the next section. Each element has many 
different design and construction properties depending on the vehicle manufacturer. 
 
2.1.2 Types of axles 
There are several types of axle designs depending on gear configuration, torque transferred, 
shaft and flange type, and bearing assembly [3, 4]. Every vehicle with driving wheels has an 
axle. There are two types of axles used for the road vehicles based on the suspension 
system called dependently- and independently- suspended. Dependently-suspended (or 
beam or solid axle) axles are further divided into dead (or straight) and live (or split or 
drive). An independently-suspended driving axle system is found mostly on European 
vehicles where the driving shafts are usually open instead of being covered in the axle 
housing [3]. Instead, the axle shaft is part of the suspension system and moves up and down 
with changing road conditions. The two most common examples are the DeDion and the 
swing axle system. The wheels can move independently and absorb shock, making for a 
smoother ride and less wear on the axle compared to dependently-suspended. 
Independently-suspended axles can allow realignment. However, dependently-suspended 
axles are more homogeneous, well-suited to off-road use and less costly [4]. The next article 
will concentrate on the dependently-suspended axles which are used in this research work. 
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2.1.2.1 Dead axle 
The dead axle supports the vehicle weight but does not drive a vehicle. A dead axle is not 
part of the final drive and there is a single shaft linking the two free-rotating parallel wheels. 
In a front wheel drive vehicle, the rear axle may be considered a dead axle. In road vehicles, 
dead axles are usually on trailers and multiple axles (tandem type) vehicles [5]. 
2.1.2.2 Live axle 
The split axle is intended to transfer engine torque to each driving wheel. The driving shafts 
are enclosed in the axle housing for dependently-suspended axles. The dependently-
suspended axle is further divided into three types: semi-, three quarter- and full-floating. 
The main differences in the types of axles are the manner in which the shafts are supported 
on bearings and assembled with the wheels. 
The rear axle is part of the final drive in a vehicle connecting propulsive force from the 
engine power through the half shafts to tyres. Rear axles can carry the vehicle weight and 
even act as part of the suspension. The Figure 2.2 depicts an exploded view of a semi-
floating Dana axle with a flanged shaft. 
In four-wheel and rear-wheel drive vehicles, the drive axle is generally split axle with a 
differential. The  central part of  the  axle  is formed  by  the  pinion and the ring  gear  in  
the  differential  housing.  These gears of the axle transmit only turning effort, or torque, 
and are not acted upon by any other force. The propeller shaft drives the pinion gear which 
rotates a contacting ring gear. This mechanism involves rotating gear pairs, bearings and 
seals which will influence transmission efficiency. The axle shafts take the stresses caused by 
the turning of the wheels. In this process, the energy loss due to friction and drag in the axle 
system is unavoidable. 
Total power loss in the axle can be calculated by consideration of: 
1. Pinion and gear contact frictional loss 
2. Churning and windage of lubricant due to gear and bearing rotation 
3. Rolling, sliding and drag losses in the roller bearings which includes bearing preload 
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Figure 2.2: Dana 44 Rear Semi-floating Axle exploded view 
2.1.2.3 Semi-floating axle 
A semi-floating axle is easy to manufacture and normally found in rear wheel drive vehicles 
with a front engine [4]. It contains an axle shaft on each side of the differential. The shaft is 
assembled with differential using a splined inside end and a wheel flange on the outside end 
as shown in the Figure 2.3 (a). The axle consists of six bearings, total four taper roller 
bearings for pinion and ring gear and a parallel or taper roller bearing at the end of the axle 
housing. In a semi-floating, the shaft supports the weight of the vehicle and transmits 
rotational torque from the engine to the wheel [3, 4, 5]. 
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Figure 2.3: Rear axles a. Semi floating b. Fully floating 
 
2.1.2.4 Fully-floating axle 
A fully-floating axle is used in severe duty vehicles where heavy load is transferred [5]. The 
only difference to the three-quarter design is two bearings are used to support the wheel 
hub rather than one. The axle shaft is splined on both sides or in the outside has a drive 
flange with spines on the inside. The shaft assembly with differential is the same as semi-
floating axle but the outer shaft and hub assembly are different (Figure 2.3 (b)). Fully-
floating axle shafts can be serviced without removing the wheels or dismantling the gears or 
differential as the axle shaft bolts to the wheel hub. The axle contains eight bearings, pinion 
and ring gears each with two taper roller bearings and each wheel is carried on two ball 
bearings or roller bearings. In a fully-floating, the shaft only transmits the rotational torque 
from the engine to the wheel and does not carry the weight of the vehicle like a semi-
floating does. A shaft is attached to the outer end of the axle housing. The wheel flange’s 
cap is attached to this shaft and rides on roller bearings. It is this assembly that carries the 
vehicle weight and which makes a fully-floating axle system sturdier than an equivalent 
semi-floating system [4, 5]. 
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2.1.3 Types of gearing mechanisms 
The Figure 2.4 shows different gearing mechanisms available classified by assembly position. 
Hypoid gear systems are used in cross-axis, right-angle drive systems and are extensively 
applied in rear-wheel drive vehicles [3]. A number of theoretical and practical studies have 
been published on the efficiency of gear trains [6-10]. These studies typically focused on 
spur and helical gears with application to passenger car transmission. Hypoid gears are least 
explored out of all gearing options due to the complexity of analysing the gear model on 
account of the complexity of gear kinematics and meshing characteristics [6]. Most of the 
models on hypoid gear dynamics are limited to experimental or simple, semi-analytical 
formulation, and the effects of time-varying mesh characteristics are either not considered 
or only approximately represented [6,10]. 
 
Figure 2.4: Different gearing options 
The hypoid design allows the drive shaft to be placed well below the centreline of the rear 
axle and thus lowers the centre of gravity of the vehicle and offers less intrusion into the 
passenger space. This offset gives reduced gear contact noise and allows greater torque for 
a stronger drive [11]. Hypoid gears transfer power through a large pitch surface with 
multiple sliding points of contact. They have large pinion diameters and are useful in torque 
demanding applications. Though, due to their low driving efficiency, a portion of the engine 
power transforms to heat, which demands better lubricant and lubrication system [11]. 
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2.1.4 Types of rolling bearings 
There are many types of bearings with a variety of applications [12]. Figure 2.5 depicts ball, 
roller, ball thrust, roller thrust and tapered roller bearings [13]. The usual reason for 
choosing a rolling bearing is to reduce friction. Depending on the axle design, a proper 
selection of a bearing is needed that can withstand different loads - gear contact torque, 
bearing pre-load, vehicle weight - while reducing the friction. The amount of thrust & radial 
load and shaft speed required for a most axle application demands a rolling bearing. The 
space available for assembly onto the shaft can be an important factor for bearing selection 
as well. 
 
Figure 2.5: Different bearing types a. Ball b. Roller c. Ball/ roller thrust d. Taper 
roller [13] 
The ball bearings can transmit both radial and axial loads and are used where the axial load 
is relatively small compared to other types. The roller bearings can withstand heavy radial 
loads but these bearings are not used to transmit much axial loading. Ball thrust bearings 
are mostly designed for low speed applications and unable to withstand much radial load. 
The roller thrust bearings can support heavy thrust loads in addition to radial load with self 
aligning capability. The helical type gear system can use thrust bearings to support the 
thrust arising from the angled teeth. Taper roller bearings can handle large radial and axial 
a b 
c d 
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loads which can be constant or shock loads. A pair of single row taper roller bearings is 
mounted each facing the opposite direction to take axial loads in both directions. A hypoid 
gear system can use these bearings to support high torque coming from gear contact [12].  
2.1.5 Types of lubrication systems 
The lubrication system plays an important part in the proper working of moving 
components in the vehicle. The systems used to circulate oil are broadly categorised as 
splash (dipped), forced and combined lubrication [3, 4, 14]. Light duty axles feature splash 
lubrication while in some heavy duty axles a combined lubrication system is used. The speed 
dependent losses (churning and windage losses) vary with depth of immersion due to gear 
rotation. The lubricant fill level depends on the size of the axle housing and the gear 
rotational speed. 
 
 
Figure 2.6: Combined lubrication system 
2.1.5.1 Splash lubrication system 
The splash lubricating system is simple to manufacture and implement in cars. Ring gear 
revolutions splash up lubricant from the sump to provide adequate lubrication to axle 
components. The lubricant is thrown against the gravity inside the axle casing as droplets or 
fine mist. This system has some drawbacks; the fill level of lubricant in the axle will decide 
the amount of lubrication received by the gears and bearings. A high level results in surplus 
lubrication and churning power loss. A low level can result in insufficient lubrication and the 
breakdown of the axle [4, 14]. 
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2.1.5.2 Combined lubrication system 
The combined lubrication system is very important in the final drive axle, where load and/ 
or speed transferred are high, the combination of splash and force feed of lubricant is 
delivered to different components, like in case of heavy duty tandem drive axles [4, 14]. The 
lubricant is distributed to some parts by the revolution of the ring gear producing splash and 
to other more critical parts by using the oil pump through oil galleries under pressure as 
shown in Figure 2.6. Lubricant is splashed and pumped from the sump and provides 
adequate lubrication to gears, seals and bearings in the axle. Lubricant trickles down due to 
gravity into the sump, where it is collected again and the cycle repeats. 
 
2.1.6 Rear wheel axle lubrication 
The axle lubricant plays an important role in controlling energy losses and providing efficient 
and durable operation. The durability of the axle depends on the pinion and gear contact, 
the bearings and the lubricant temperature [15]. Since vehicles operate in diverse driving 
conditions (e.g. climate, temperature), lubricant should provide adequate protection against 
gear failures, oxidation, rust, corrosion and foaming by protecting the mating surfaces. 
To develop an efficient lubricant for a given application requires joint development between 
lubricant formulators and vehicle manufacturers [15]. 
2.1.6.1 Axle lubricant 
The influencing parameters for the efficiency of an axle include the vehicle drive cycle, 
lubrication and gearing systems, the lubricant itself, the surface finish of the mating 
components, the working conditions, and the seal and bearing types as depicted in Figure 
2.7 [16].  
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Figure 2.7: Efficiency of an axle with influencing parameters 
 
Figure 2.8: Factors affecting for selection of a gear lubricant 
A gear lubricant should reduce friction and wear for the moving components in the axle. In 
addition, a gear lubricant should protect the axle components from corrosion and dissipate 
the heat generated by power loss in the housing to the surroundings. Figure 2.8 depicts the 
factors which contribute to the selection of the right gear lubricant for a given requirement 
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[16]. The affecting parameters are gearing type and speed, lubricant additives, gear and 
bearing surface finish, material compatibility, transmitted torque and operating 
temperature. Generally fully formulated oil is used as an axle lubricant with synthetic base 
oil. Synthetic lubricants have unique physical and chemical features compared to mineral 
lubricants [17, 18, 19]. For example, synthetic lubricants are used where high operating 
temperatures are encountered. 
However, there is complicated relationship between lubricant temperature and axle 
efficiency [20]. A higher lubricant temperature gives lower speed dependent losses as the 
viscosity is lower. Nevertheless if viscosity reduces below a certain value which directly 
affects the protection against gear tooth failures such as wear, scuffing, micro-pitting and 
pitting. A higher viscosity lubricant can be used at a higher contact load and lower rotational 
speed, in order to provide consistent protection against gear damage [20]. Nevertheless 
higher viscosity gives higher idling losses. 
It is essential to find a compromise that will give optimum contact friction that maintains 
lubricating film with minimum speed dependent losses, depending on the vehicle drive cycle 
(torque and speed) profile.  
Development in computer capability and modelling methods can synthesize any mechanism 
with precision. The next part of the literature review will concentrate on modelling axle 
efficiency using computer modelling and later on churning power loss testing. 
 
2.1.7 Full vehicle modelling 
There are additional reasons to seek an increase in fuel efficiency through a reduction in the 
axle losses. Excessive heat generation within the axle produces higher working 
temperatures, and hence, affects the gear and bearing contact heading to possible failures 
and reduction of the functional life of the lubricant [17]. Gear and lubrication systems that 
are more efficient will result in better overall vehicle efficiency with less heat generation, 
and hence translate into better performance. The choice of gears and bearing type as well 
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as lubricant properties and quantity in the axle assembly determines the amount of heat 
generated. 
There are a number of published studies to predict the mechanical losses on the friction and 
efficiency of gear trains [21-23]. There is a group of studies focused on measuring power 
losses of gear pairs using an experimental setup [7-9, 24-27]. Several others measured 
coefficient of friction values using test equipment under conditions simulating a gear pair to 
predict the efficiency [28-34]. Some of the proposed empirical formulae for coefficient of 
friction are currently widely used in gear applications [28-30]. These empirical formulae 
suggest that the coefficient of friction is a function of a number of parameters including 
lubricant viscosity, radii of curvature of the surfaces in contact, sliding and rolling velocities, 
contact pressure and surface roughness. 
A number of spur gear efficiency models [7, 8, 35, 36] assumed a constant coefficient of 
friction along the tooth contact. The mechanical efficiency of the spur gear pair was 
calculated using the tangential friction force in the sliding direction by using this constant 
coefficient of friction and the involute geometry. Although these models provided a 
qualitative understanding of the role of geometry on mechanical efficiency of spur gears, 
other published experiments on contacts subjected to combined sliding and rolling indicate 
that many parameters might influence coefficient of friction [28-30]. Another group of 
efficiency models considered spur [7, 36] and helical [9] gear pairs, and calculated the 
parameters required to define the empirical coefficient of friction increasing the solution 
accuracy. However, each empirical coefficient of friction formula typically represents a 
certain type of test conditions that might differ from those of the gear pair that is being 
modelled which appears to be the key limitation of these models. 
The last group uses an elasto-hydrodynamic lubrication (EHL) model to predict coefficient of 
friction instead of depending on a user-defined value or an empirical formula [37-43]. 
Dowson and Higginson [39] and Martin [40] used a smooth surface EHL model to determine 
the instantaneous friction coefficient using the surface shear stress distribution caused by 
the fluid film in contact. Simon [41] used point contact EHL model for heavily crowned spur 
gears considering the elastic deformation of the surface due to fluid pressure with smooth 
surfaces. Larsson [42] used a transient thermal-EHL model for involute spur gear lubrication 
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with smooth surfaces. Mihalidis et al. [43] analysed the influence of the asperity contacts in 
calculating coefficient of friction, and hence, efficiency. 
These models [39–43] eliminated the need for prior knowledge of the coefficient of friction, 
but they required significantly more computational effort than the models in the other two 
groups. Also their applications were limited to spur gears in predicting coefficient of friction 
using EHL theory. There are a few efficiency studies on helical gears [9, 44, 45] and worm 
gears [32, 34]. 
Furthermore, hypoid gears have been explored least out of available options for gearing [10, 
24, 46-49]. Krenzer [10] described a model for analyzing tooth contact and motion 
transmission errors of spiral bevel and hypoid gears in the loaded state using standard tooth 
contact analysis programs (TCA) and blank dimensions. Naruse et al. [24] conducted several 
tests on limiting loads for scoring and frictional losses of hypoid gears. Buckingham [46] 
proposed an approximate formula for calculating the power losses of hypoid gears, which is 
the sum of the losses of equivalent spiral bevel and worm gear pairs. Coleman [47] used a 
simple formula to calculate hypoid gear efficiency using a coefficient of friction with a very 
limited number of parameters. Simon [48] applied a smooth-surface EHL formulation of the 
hypoid gear efficiency problem. Finally, Kolivand et al. [49] proposed a new spiral bevel and 
hypoid gear mechanical efficiency model which is a mixed EHL based surface traction model 
to predict friction power losses for both face-milling and face-hobbing type cutting 
methods. 
2.1.7.1 Elastohydrodynamic lubrication (EHL) 
EHL deals with the lubrication of elastic contacts where the elasticity, piezoviscosity and 
Reynolds equations must be solved simultaneously [50-54]. EHL is found in familiar machine 
elements such as rolling element bearings, gears and cam mechanisms. EHL is defined by 
elastically deformed surfaces, concentrated forces, high contact pressure (1–3.5 GPa) and 
thin lubricant films (1–1,000 nm) [52]. The Reynolds equation relates the gap geometry and 
the velocities of contacting surfaces with the pressure in the film. 
For most lubricants, viscosity considerably increases with pressure and decreases with 
temperature. Solid surfaces in contact moving in different relative speeds and loads are 
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reason for occurrence of shear stresses. A lubrication regime is lightly or heavily loaded 
depending on the speed and loading conditions, lubricant viscosity, material properties of 
contact solids and contact size. In lightly loaded contacts, surface deformation is negligible 
and the contact condition is described by the behaviour of lubricant between two moving 
rigid surfaces [51]. Such lubrication regimes are generally defined by hydrodynamic 
lubrication (HL) theory. In case of heavily loaded non-conforming contacts, the central part 
pressure distribution is close to the one in a dry contact of same solids called Hertzian 
pressure and elasticity effects dominate the behaviour of the lubricated contact. These are 
generally defined by EHL. 
The formation of the lubricant film is necessary for the correct functioning of the heavily 
loaded surface contacts like gears, bearings, cams etc. that depend on EHL. When gears are 
revolving, the tooth contact under load has combined sliding and rolling, both of which 
result in frictional power losses. The coefficient of friction, normal tooth load, and relative 
sliding velocity of the surfaces decide the amount of sliding frictional loss. Meanwhile, 
rolling friction occurs from resistance to rolling motion because of the deformation of the 
two contacting surfaces. Rolling frictional losses are initiated from the formation of the EHL 
ﬁlm when the contact is lubricated *7, 51-54]. 
 
Figure 2.9: Stribeck curve [55] 
In 1902, Stribeck [55] presented the relationship between the velocity of contacting surfaces 
and the normal load on the friction coefficient for different bearings. The Figure 2.9 shows 
the Stribeck curve predicting hydrodynamic lubrication in the mating surfaces. This curve 
represents the friction and film thickness as a function of mean velocity. 
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In boundary lubrication (BL), entrainment speed is very low and loading is carried by the 
asperities in the contact area. In BL, there could be a tribofilm formed by reaction of 
additives or could be an oxide layer or there could be nothing at all to give protection. As 
entrainment speed increases the contact condition enters into mixed lubrication (ML) where 
a hydrodynamic pressure gets built up in the lubricant. In ML, the loading is carried by a 
mixture of the hydrodynamic pressure and the asperities between the mating surfaces. EHL 
or HL prevails at high speed when the asperities are completely separated from each other 
by a thicker lubricant film as hydrodynamic pressure increases. In EHL, the load and 
hydrodynamic pressure are in balance [52, 53, 55]. 
The amount of lubricant supplied to the contact can significantly affect the actual 
lubrication regime. When the amount of lubricant supplied to the contact is plentiful then 
the contact is in a fully flooded lubrication regime else starved lubrication conditions occur 
[52]. The other parameter which affects lubrication regime is the temperature. The lubricant 
temperature is determined by applied load, contact surface speeds, lubricant viscosity, 
thermal and elastic properties of the contacting solids and lubricant thermal parameters. 
The lubricant temperature significantly affects friction in the contact. Finally, coefficient of 
friction in the contact is one of the major parameters affecting wear, pitting and other 
fatigue occurrences. 
2.1.7.2 The film thickness calculation 
 
 
 
Figure 2.10: Film thickness calculation for EHD contact 
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Figure 2.10 depicts the general idea about pressure and temperature variation in elasto-
hydrodynamic (EHD) contact. 
The major developments in the understanding of the different modes of fluid film 
lubrication were established by the classical experimental and theoretical studies during the 
latter half of the twentieth century [51-57]. The characteristic lubricant film thicknesses, 
contact pressures and temperatures associated with EHL are measured using experimental 
techniques such as optical interferometry [55] and thin film transducers [57]. The rapid 
improvement of computers and computational methods has also made it possible to apply 
numerical simulation to EHL problems. Understanding EHL for contacting surfaces means 
predicting the magnitude and distribution of contact pressures and surface stresses as well 
as how thick lubricant films are formed. 
The film thickness is affected by various factors but the most important to be considered are 
oil viscosity, temperature, speed and load between the two surfaces. Minimum and central 
oil thicknesses are theoretically investigated under sliding and rolling contact [51-54]. 
One of the following contact conditions is experienced when two simple non-conforming 
solids are in contact with no load: 
1. Line contact, where the two surfaces touch along a straight or curved line like in 
roller bearings, gears  
2. Point contact, where the two surfaces touch at a single point like in ball bearings 
After a load is applied, the point contact expands to a circular or an ellipse and the line to a 
rectangle. The following text will explain more on the loaded contacts by referring them as 
being either line or point contact. 
2.1.7.2.1 Line contact 
EHL theories have been well explained based on the condition of isothermal and smooth 
contacts and Newtonian fluids over the last four decades for the line contacts. Grubin [58] 
and Dowson and Higginson [59] worked out the basis of the EHL theory. Grubin [58] 
proposed an approximate solution to the isothermal EHL line-contact problem. Grubin 
assumed that the shape produced in a dry (Hertzian) contact was the same as the shape of 
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the elastically deformed solids in a highly loaded lubricated contact. This assumption 
enabled prediction of film thickness in the central region of the contact with good accuracy 
and facilitated the solution of the Reynolds equation in the inlet region of the contact. 
It was shown that the Grubin film thickness formula, the Dowson-Higginson film thickness 
formula and the Dowson-Toyoda film thickness formula [60] are not suitable if used beyond 
its limit, the error will increase greatly. The numerical calculation by the Zhang and Gou [61] 
showed that the film thickness formulae predictions deviate from the accurate film 
thickness results and gives significant overestimations when the contact regime is outside a 
certain range. The coefficients and indexes in Grubin’s formula or Dowson-Higginson’s 
formula or Dowson-Toyoda’s formula should be changed for different conditions but instead 
those are all constants. Therefore, they are only useful for certain ranges. 
The central and mean film thickness was analysed by Zhang and Gou [61] who provided a 
multi-regime line contact formula for EHD contact using dimensionless regression 
equations. The model incorporates calculation of the minimum,   , and the central film 
thickness,   , in elasto-hydrodynamic lubrication which is suitable for all regimes of contact. 
Grubin film thickness formula [58] 
  
  
     
  
 
     
 
   
  
 
   
 
(2.1) 
Dowson and Higginson’s equation for minimum film thickness [59] 
  
  
     
           
      
 
(2.2) 
Dowson and Toyoda’s equation for central film thickness [60] 
  
  
     
            
     
 
(2.3) 
Where,  - Speed parameter,   - Material parameter,  -Load parameter,   -Reduced radius 
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Figure 2.11: Map of regimes [61] 
There are four regimes that are defined using the elastic deformation under an applied 
normal load for contacting solids and the rapid increase in fluid viscosity with contact 
pressure. The Figure 2.11 shows a modified map of regimes for line contact using Zhang and 
Gou’s multi-regime universal formula. When regime parameter         , the 
dimensionless film thickness    is only dependent on    and defined as the Rigid-viscous (R-
V) regime. When       ,    is only dependent on    and defined as the Elastic-Isoviscous 
(E-I) regime. When            ,    is dependent on both    and    and defined as the 
Elastic-viscous (E-V) regime. 
The Johnson parameters [62]    and   , together with others used to define the map of 
Figure 2.11, are as follows, 
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Regime parameter 
   
            
            
 
If        
       
Else 
     
Dimensionless minimum film thickness, 
       
        
            
        
   
Dimensionless central film thickness, 
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(2.5) 
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2.1.7.2.2 Point contact 
The theory of elasto-hydrodynamic point contact is less explored than the line contact. For 
an EHL solution, the numerical treatment of the point contact has major difficulties in 
accommodating the piezoviscous effect, where fluid viscosity in contact incurs the pressure 
spikes, and the side leakage. Several authors have presented results of the EHL point 
contact problem [56, 57, 63-66]. The Hamrock and Dowson [63] formula, Chittenden et al. 
[64] formula and Hamrock [53] formula are widely used. Hamrock and Dowson [63] give 
expressions for an elliptical contact when the long axis is transverse to the entrainment 
direction. While Chittenden et al. [64] and Mostofi and Gohar [65] give more comprehensive 
formulae where the long ellipse axis can be along or transverse to the entrainment 
direction. Gohar [52] compared experimental results obtained using Chittenden et al. [64], 
Mostofi and Gohar [65] and Snidle and Evans [66] for entrainment along the long axis and 
showed that the Chittenden formula is reasonably accurate. Chittenden et al. [64] formula 
should cover the high loads and pressures encountered in practice which is based on 
extensive numerical runs for different reduced radius ratios and entrainment angles. 
Chittenden et al. [64] formula, 
      (Along entrainment direction) 
  
  
  
            
       
         
  
  
  
(2.6) 
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      (Transverse to entrainment direction) 
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(2.9) 
The Figure 2.12 shows the reduced radius ratio (ellipticity parameter  ) effect on the 
minimum film thickness ratio. The limiting value of the film thickness ratio is achieved 
quickly for the E-V regime while the R-I is slowest. Hamrock [53] proposed to assume the 
contact as a line contact when the ellipticity parameter value exceeds 150.  
 
Figure 2.12: Geometry effects on four lubrication regime [53] 
These four regimes are calculated using two dimensionless numbers, 
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Rigid-Viscous (R-V) 
            
               
 
    
(2.11) 
Elastic-Isoviscous (E-I) 
          
                  
 
    
(2.12) 
         
                  
 
    
(2.13) 
Elastic-Viscous (E-V) 
         
      
                  
 
    
(2.14) 
         
      
              
 
    
(2.15) 
The correct regime is decided by calculating the film thickness for all regimes where the 
regime which predicts the maximum value will be used. 
2.1.7.3 Viscosity variation with temperature 
The most vital property of a lubricant is its viscosity, which is highly dependent on the 
temperature, the rate of shear and the pressure. Vehicle lubricants are subjected to a wide 
range of temperature, from -50 °C in a cold start up to 280 °C at certain points in a hot 
engine [51]. This is the reason why much effort has gone into the study of viscosity as a 
function of temperature. In general, for liquids, the viscosity of oils reduces as the 
temperature rises. The expansion of the liquid with temperature increase gives the 
molecules more space, and hence reduces the friction and interactions between them. The 
lubricant viscosity at a specific temperature can be either calculated from the viscosity 
temperature equations or obtained from the viscosity-temperature chart. The American 
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Society of Testing Materials (ASTM) chart for the viscosity-temperature chart is mostly in 
use. The following text explains the calculation for viscosity using ASTM D341 or more 
accurately the Vogel equation. 
The ASTM D341 chart is constructed using McCoull-Walther equation [67]. The McCoull-
Walther Equation 2.16 is based on viscosity index or two point data while Vogel solves for 
three data points for viscosity variation with temperature. 
The McCoull-Walther equation uses two constants to fit varying viscosity, 
        
        
 
(2.16) 
Where, 
 - Kinematic viscosity (cSt),  - Temperature,     - Constants 
  
                             
             
 
                          
The Vogel equation uses three constants to fit varying viscosity [51, 52], 
     
 
     
(2.17) 
Where, 
 - Absolute viscosity (cP),  - Temperature,      - Constants 
Solving for constants, 
             
 
    
 
(2.18) 
Where,         
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Organising two equations (eg.                                                   ) 
for constant b and solving gives the following, 
                        
                
                         
                   
This can be written as, 
   
           
  
       
       
   
 
If    
           there is no real solution, otherwise there are two real solutions. 
Once constant   is found constant b is obtained from                           and then 
constant   from the viscosity Equation (2.17). 
2.1.7.4 Viscosity variation with pressure 
The viscosity of liquids goes up sharply with an increase of pressure. Under EHL conditions, 
the behaviour of lubricants under pressures is very important as the resulting piezoviscous 
properties affect the film forming. Viscosity variation with pressure at the inlet surface 
contact temperatures may be described by two equations, i.e. the Barus [68] and Roelands 
[69] equation. 
The Barus equation for mean contact pressure [68] is, 
        
    
(2.19) 
The Roelands equation for mean contact pressure [69] is, 
        
                     
  
  
 
 
    
 
(2.20) 
Where, 
     - Base viscosity,  - Pressure viscosity coefficient,  - Pressure viscosity index,  
 - 
Pressure constant 
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The Barus equation is a simple relationship which is widely used in the literature as it can be 
applied in analytical derivations. However, this equation is valid only for low viscosities and 
pressures and at constant temperature. The Barus equation becomes inaccurate above 0.5 
GPa and even more so when ambient temperature is higher. The variation of viscosity for 
the simultaneous effects of pressure and temperature is considered by Roelands. The   
coefficient is a function of both    and  . 
 
Figure 2.13: The pressure-viscosity response of iso-propanol to 1.4 GPa and 
comparison with empirical formulae [70] 
The Figure 2.13 shows a comparison carried out by Bair and Kottke [70] using Bridgman [71] 
and Bair test data. According to Bair [72], Roelands equation predicted the pressure- 
viscosity- temperature behaviour accurately for a polyol ester where contact pressure was 
up to 1.3 GPa. The inlet viscosity is well described by Roelands. However, both Barus and 
Roelands are inaccurate in predicting the in-contact viscosity compared with measurements, 
as a different lubricant gives a different viscosity variation. 
For more details of the viscosity variation with temperature and pressure, the reader is 
referred to [72]. 
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2.1.7.5 Hypoid gear approximation 
Subtopics 2.1.3 and 2.1.7 discuss hypoid gears which are typically found in the rear drive 
axle of automobiles. Hypoid gears are a special form of bevel gears that are driven by a 
bevel-like drive on non-intersecting axes. The gear arrangement allows the transfer of 
torque and power through ninety degrees. The action of the hypoid gears is made up of a 
rolling action along with a component of sliding action. Hypoid gears combine the rolling 
action and high tooth pressure of spiral bevels with the sliding action of worm gears. 
When compared to spiral bevel gearing, hypoid gears offer the following [6, 11]: 
1. The hypoid gear shows a greater tooth contact area- better durability  
2. Hypoid gears tend to offer a quieter and smoother operations  
3. The efficiency of a hypoid gear is less than that of a similar set of spiral bevel gearing 
(90-95% as compared to 99% for many spiral bevel gearing at full power) 
Hypoid gears are manufactured using two different methods namely, Face-milling and face-
hobbing. The manufacturing difference between the Face-milled and face-hobbed gears is 
shown in the Figure 2.14 [73]. 
 
Figure 2.14: Hypoid gear manufacturing methods a. Face-milled b. Face-hobbed 
The face-milling method uses the grinding wheel to interact with one tooth space at a time 
and is then indexed to the next location during the tooth generation process of cutting or 
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grinding. In the face-hobbing method different cutting blades interact with different tooth 
spaces while the cutter is continuously indexing in the tooth generation process. All the 
teeth are cut a little at a time to the final desired depth. For the face-milled gears, grinding 
is the final machining process and for the face-hobbed gears, the final operation is the hard-
cutting process. Kolivand et al. [49] calculated friction power losses for both face-milling and 
face-hobbing type cutting methods using a mechanical efficiency model.  
The following explains more on Buckingham’s [46] approach for hypoid gear power loss. In 
all gear mechanisms operating on non-parallel and non-intersecting axes, the action 
between the gear teeth is mainly sliding. Buckingham proposed an approximation for the 
tooth action of hypoid gears for determining sliding velocities. The tooth action of hypoid 
gears is complex. The gears are decomposed using the pitch line of hyperboloid surfaces 
into a spiral bevel gears and a worm gear. The tooth action of spiral bevel gears is very 
similar to that of equivalent helical gears. Therefore Tregold’s approximation is used to 
determine the pitch radius of the equivalent helical gear. 
Buckingham’s approach made the following assumptions: 
1. The conjugate gear-tooth action is predominantly the same as that on equivalent 
spiral bevel gears, and therefore a spiral bevel gear analysis can be used to calculate 
the power loss. 
2. The sliding of the pitch surfaces in the planes of rotation of the two members is the 
controlling factor of the worm gear action, and that the results of this sliding are 
proportionate with that on worm gears. In other words, the average sliding velocity 
is equal to the peripheral velocity of the radius to the pitch plane of the worm. 
3. The total power loss is equal to the sum of the spiral bevel gear loss and the worm 
gear loss. 
The value of the helix angle is equated to the spiral angle of the ring gear of the hypoid 
system. The spiral angle changes across the face of the hypoid because of the varying 
contact condition but the value at the centre of the ring gear face is expected to give a 
reasonable value. The arcs of approach and recess determined in the middle of the gear 
face are used to obtain the average velocity of the sliding action. 
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2.1.8 Churning and windage power loss in dipped lubrication 
For speed dependent losses, the majority of research work has focused on the drag forces 
and heat generated by lubricant circulation. There are numerous studies on the churning 
loss in dipped lubrication using experimental testing and proposing empirical formulae [74-
81]. Experimental work has showed that the losses were dependent on the shape of the 
rotating body and of the enclosure. The losses are predicted using dimensional analysis of 
experimental data. The environment inside the enclosure was considered as a pseudo-single 
phase of lubricant where the effect of air density was considered insignificant. 
In 1921 von Karman [74] analysed the churning power loss for a thin disc rotating in an 
infinite bath of fluid. A velocity boundary layer forms on each side of the disc and leads to 
viscous dissipation. Terekhov [75, 76] studied viscous oils at low speeds using von Karman’s 
[74] methodology for single and meshing gears. Terekhov tested different geometries and 
proposed formulae that were independent of gear tooth geometry for the whole speed 
range. Boness [77] performed churning loss testing for different discs geometries and 
different fill levels for various fluids. The formula showed that the churning torque increases 
with an increasing Reynolds number, suggesting that low viscosity lubricants would 
generate higher losses. Luke & Olver [78] carried out different churning loss tests on a range 
of meshed and single spur gears with varying operating conditions. Experimental results 
were compared with the churning losses predicted from the prior work’s empirical 
formulae. Changenet & Velex [79] performed many different experiments and presented 
formulae with two interesting findings. At low speed, the churning torque does not depend 
on tooth number or face width. The churning torque was independent of oil viscosity and 
the inertia forces become much more significant than the viscous ones. Also, the churning 
torque, which varies with the flow regime, was independent of gear geometry. Seetharaman 
& Kahraman [80] predicted that churning power loss has a weak or no dependence on 
lubricant viscosity, contradicting observations in the experiments of Luke & Olver [78] and 
Changenet & Velex [79]. 
Surface tension and air effects are neglected in most proposed dimensionless churning 
torque formulae. The recent work by LePrince, et al. [81] proposed that viscosity and 
density were inadequate to describe the churning behaviour and the polar moment, surface 
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tension, and air solubility of the lubricant may be influential on losses. They offered a 
heuristic model incorporating the idea that the bulk fluid becomes aerated during the 
churning process. 
Similarly, windage losses have been studied mostly through experimental investigations. 
Dawson [82] measured windage loss in high speed spur and helical gears in the open air 
using a number of experiments. Diab, et al. [83] focused on losses of gears or disks of 
different sizes to characterise the windage loss through dimensional analysis. Eastwick and 
Johnson [84] performed an extensive review of available models of windage loss for spur, 
helical, and bevel gears. They concluded that the degree of effect and general proposed 
models for reducing power loss has not been well established. 
Computational fluid dynamics (CFD) software modelling is time consuming, costly and not 
very practical for modelling speed dependent losses. Solving two-phase flow problems with 
moving boundaries is a major challenge to the present state of CFD. In addition, measuring 
gear tooth temperature due to lubricant churning is difficult which makes the spin loss study 
challenging. There are few studies on windage power losses. Wild, et al. [85] measured the 
flow around a rotating cylinder using both experiments and CFD modelling. Al-Shibl, et al. 
[86] proposed a CFD based model for windage power loss around enclosed spur gears. 
Jeon [87] carried out extensive measurement on the similar axle to this research and 
proposed empirical churning loss formula of a gear. Also, Changenet et al. [79] proposed a 
formula with the additional consideration of a pinion. 
For the gear torque,     , 
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For the pinion torque,     , 
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2.2 Need for current research 
The efficiency of gear systems has become an increasingly important research topic as fuel 
economy requirements for automobiles are more stringent, not only due to limited 
availability of fuel resources, but also environmental concerns associated with pollution [4, 
15]. Computer modelling and simulation can be used to reduce the expense and length of 
the design cycle of lubricants, axles or vehicles by testing configurations and energy 
management strategies before prototype construction begins [12]. 
2.2.1 Vehicle axle power losses 
In recent years, the automotive manufacturers and suppliers have made a sustained effort 
to improve the efficiency of the final drive. The rear axle is one of the main sources of power 
loss in the transmission, and hence represents an area where efficiency improvements can 
have a significant impact on the overall vehicle fuel economy. The mechanical losses are 
found to vary considerably with the operating temperature of the lubricant. It is therefore 
essential to understand the temperature variations in a rear axle as a function of operating 
loads and speeds, and lubricant properties. However, quantitative understanding of the axle 
thermal performance is limited and published information is scarce [Subtopic 2.1.7]. This 
research is an effort to bridge this gap. 
Atmospheric pressure churning losses have been extensively studied; there has been no 
attempt to quantify the effects of variation in the air pressure [Subtopic 2.1.8]. The results 
of the experimental investigations will investigate the losses for three conditions, namely 
atmospheric pressure, vacuum and compressed air. This part of the research will give a 
better understanding of churning losses. In general, this research work concentrates on gear 
lubricants and will help in formulating an efficient gear lubricant. 
The heat generated in a vehicle axle depends on two sources, namely load (friction induced) 
and speed (viscous dissipation) dependent power losses as shown in Figure 2.15 [88]. The 
load-dependent losses consist of sliding & rolling friction in the gear and the bearing 
contacts. The speed dependent losses consist of viscous dissipation of gear & bearing 
lubricant churning, windage and shaft seals. 
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Moving parts of the gear system result in the frictional heat generation within the axle, 
which requires better lubricant and lubrication systems. Friction in the gear meshes and 
bearings is a major factor contributing to the efficiency losses of drive trains, gearboxes, and 
transmissions. The total power loss is then calculated as the addition of losses at all gear 
meshes, bearings and seals. 
 
Figure 2.15: Vehicle axle load and speed dependent power losses 
2.2.2 Load dependent losses 
The load dependent losses include sliding friction for the gear teeth and bearing, rolling 
friction due to the entrapment and the formation of the EHL film between the teeth. 
2.2.2.1 Gear sliding & rolling friction 
Sliding-rolling friction is predominant in transmission system losses [15]. Principally, the 
sliding friction loss is a function of the sliding velocity and the friction force, which is itself a 
function of the normal tooth load and the coefficient of friction. Rolling velocity is 
responsible for the oil film formation which plays an important role in friction reduction, 
and any attempt to determine the coefficient of friction must take account of changes in 
rolling velocity between the teeth of mating gears. The effect of the friction loss is an 
increase in power consumption, where the magnitude depends on the conditions at the 
points of contact. 
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2.2.2.2 Bearing friction 
In transmissions, the bearing load is of primary concern. When a vehicle is in motion, a 
radial and thrust load is placed on the axle shaft and supporting bearings. Hypoid axles 
generally use tapered roller bearings to support the half shafts [4]. The pre-load, a 
permanent thrust load, is applied to the bearings by using force to push the bearing so that 
it is secure in the groove creating an interference fit and therefore the bearing has no radial 
and axial clearance. This is important because the internal clearance within a bearing can 
influence a variety of factors, including noise, vibration, heat build-up and fatigue life [12]. 
 
2.2.3 Speed dependent losses 
At high speed, churning and windage losses are the main components of axle power loss. In 
addition, lubricating conditions influence the generation of heat, power loss and dynamics 
of gears. Therefore, the relationship between lubricant properties and speed dependent 
power loss has been of interest in this research work. A practical & theoretical study on the 
churning and windage losses will be performed. 
2.2.3.1 Oil churning 
Churning losses can be defined as the power losses due to the rotation of the gears moving 
the lubricant inside the axle and in particular to the losses due to entrapment of the 
lubricant. The main factors influencing the oil churning loss are the viscosity & density of the 
oil, rotational speed, operating temperature, gear design and submerged depth of the gears 
[78-81]. All rotating/moving components that are in direct contact with the lubricant 
contribute to churning losses. 
2.2.3.2 Bearing & shaft seal churning 
Power losses in bearing & shaft seal contacts can be evaluated using the SKF catalogue [13] 
as a function of oil supply method & quantity, shaft diameter and rotational speed. 
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2.2.3.3 Windage 
Lubricant is flung off the gear teeth in small droplets due to centrifugal force acting on the 
lubricant because of gear rotation. This creates a fine mist of lubricant that is suspended 
inside the axle [84-86]. This lubricant mist increases power loss with windage frictional 
resistance on the gears. Lubricant spillage from the tooth spaces as the gear teeth come into 
engagement creates turbulence within the gearbox and hence an increase in the power 
consumption. In addition to these factors, the losses at the side faces of the gears 
contribute to the total windage losses. 
 
2.2.4 Combined approach 
Load and speed dependent losses are the types of friction occurring in axles contributing 
jointly to the overall efficiency [88]. The factors affecting the friction are a combination of 
the composition and the topology of the surfaces in contact, lubricant properties, 
deformation effects and molecular adhesion & cohesion. Sliding friction is the friction where 
relative sliding occurs between the two contacting gear and bearing surfaces and can be 
calculated using the coefficient of friction. Rolling friction initiates from the resistance of 
gears in contact to roll. This requires much less force than with sliding where a relatively 
small amount of friction is involved. 
 
 
Figure 2.16: Semi-floating axle lubrication viewing half shaft and oil level (Ford) 
Half shaft 
 
Wheel bearing 
 
Axle seal 
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The Figure 2.16 shows a vehicle final drive where dipped lubrication is used to form an oil-
tight reservoir for the lubricating oil. In dependently-suspended axles, the oil level is 
maintained such that, while the vehicle is stationary, some amount of lubricant reaches the 
wheel bearing. The special lubrication requirements of hypoid gears make it necessary to 
consider first the mode of application and then the sealing arrangements. At comparatively 
low vehicle speeds, lubrication of gears mainly depends on the carrying of oil by the ring 
gear as teeth that have dipped into the oil travel round to the point of the mesh with the 
input pinion [49]. An increase in vehicle speed increases oil splash serving lubricant to the 
differential assembly. 
In the case of heavy duty tandem drive axles, a separate lubricant pump may be driven from 
the final drive pinion shaft of the axle [4]. Its purpose is to circulate oil to the bearings and 
the working surfaces of the inter-axle differential. In hypoid gear axles, lubricants work at 
very high temperature due to the very high face pressures and smearing action of gear 
teeth. 
By employing independent characteristic lubricant analysis for friction and churning, an 
analytical method was developed to systematise the flow of a gear lubricant [20]. The 
current need is to formulate an interdependent whole axle model to predict the power 
losses. Modelling individual system for load and speed dependent losses using suitable 
formulas will predict the right efficiency of the axle. 
2.2.5 Lubricant properties 
Newtonian fluid squeezed under high pressure and temperature in gear and bearing 
contacts acts as a non-Newtonian fluid due to shear thinning. MTM tests were carried out to 
get EHD traction coefficients. These coefficients are very influential to lubricant property 
variation with pressure and temperature [52]. 
2.2.6 Gear churning losses 
There are numerous studies on the churning loss in spur gears that give empirical formulae 
[74-81]. Atmospheric pressure churning losses have been extensively studied; there has 
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been no attempt to quantify the effects of variation in the air pressure. Also fluid surface 
tension is neglected in most proposed formulas. 
2.3 Consolidation of research study 
This research study will be aimed at hypoid rear wheel drive axles. The efficiency is 
predicted through modelling that takes the vehicle drive cycle as input and predicts load and 
speed dependent losses and giving the overall axle temperature. The second aim is to 
develop experimental methods for studying rear wheel axle power loss and validate results 
obtained from the axle model. 
Most previous efficiency models were related to hypoid gear pair contacts, or axle 
temperature was measured experimentally. Therefore, their accuracy and effectiveness in 
predicting the rear wheel drive axle efficiency are not known. Consequently, this research 
study will emphasize the corroborations of not only the friction coefficient models but also 
the overall axle efficiency model. 
The developed methodology will combine a gear contact model, a friction prediction model 
and a mechanical efficiency model taking account of the kinematic and geometric properties 
of hypoid gear. The calculation of other losses related to oil churning, windage and bearings 
will rely on the published work of others [13, 79, 87] since the focus of this study is the 
prediction of mechanical efficiency in terms of frictional power losses. 
A single gear test rig will be developed to show the effect of surface tension, air density and 
gravity on speed dependent losses. The churning tests will be carried out for several base 
oils and aqueous glycerol solutions. 
The ultimate goal is to identify the vital parameters influencing the mechanical efficiency of 
a real wheel drive axle and to find out how to predict the effect of different fluid properties 
on speed and load-dependent losses in this study. This forms the third aim where the focus 
is on lubricant rheology. 
 
 
 PART II:  
FULL VEHICLE EFFICIENCY MODEL 
SIMULATION 
 
 
  
This part describes an 
approach to develop full 
vehicle model, theory and 
formulae used for the load 
and speed dependent losses 
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3 A FULL VEHICLE MODEL FORMULATION 
 
 
3.1 Introduction 
Drive axles are one of the necessary structural components of a road vehicle. Axle transfers 
the engine drive to the wheels and maintains the position of the wheels relative to each 
other and to the vehicle body. The axles support the weight of the vehicle plus any cargo. 
Many factors are considered when a manufacturer selects a final drive for a vehicle. Some 
of the major factors are vehicle weight, engine RPM range, designed vehicle speed, frontal 
area of the body, fuel economy requirements, engine power output, and transmission type 
and gear ratios. 
 
Figure 3.1: Rear drive axle showing oil circulation and heat flow 
In four-wheel and rear-wheel drive cars and trucks, the drive axle is generally contains a 
differential [3, 4]. The mechanism in the axle involves rotating gear pairs, bearings and seals 
which will influence transmission efficiency. In this process, energy loss due to friction and 
Cold air 
Hot air 
Oil circulation 
Input pinion 
Ring gear 
Taper roller bearing 
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drag in the axle system is unavoidable. The two main areas of energy loss in axles are gear 
and bearing friction and oil churning due to gear rotation. 
During operation, the gear oil provides the important function of lubricating the sliding 
rolling contacts. The oil also acts as a coolant and removes the heat generated due to 
efficiency losses. Figure 3.1 shows oil and heat flow in a rear axle. 
A thermally coupled lubrication model of a vehicle axle system, which will predict 
transmission losses and temperature variation as a function of drive cycle, terrain and 
lubricant properties, is presented in this chapter. The present work would improve general 
understanding than exists and help in reducing losses in hypoid axles. 
 
3.2 Overall methodology 
A new model has been developed to calculate the total heat loss in the rear-wheel drive 
axle. A full vehicle model includes equations of road loads, lubrication systems and heat 
transfer. An empirical formulation of the thermal elasto-hydrodynamic analysis has been 
used in a gear contact model, a friction prediction model and a mechanical efficiency by 
inputting the kinematic and geometric properties of hypoid gear. The empirical formulae are 
used to predict the film thickness, lubricant in-contact viscosity, tyre rolling resistance 
coefficient, heat transfer coefficient, gear churning and bearing friction power loss. The 
simulation includes fluid-film and boundary lubrication of gears and rolling bearings as well 
as models of friction and churning losses. 
The full vehicle mathematical model considers gradient resistance and external temperature 
for a given drive cycle. This model is capable to accommodate any vehicle type, terrain 
condition, driveline type and gear design. This enables, for example, varying drive cycle 
types and lubricant properties while the vehicle and the gear design is kept same. 
Multiple empirical equations for lubricant property variations, heat transfer coefficient for 
axle type, EHL film thickness and bearing losses have been implemented. The instantaneous 
coefficient of friction is predicted by using thermal EHL regression equations considering 
non-Newtonian fluid. Design parameters also can be specified to set initial axle 
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temperature, air property variation and vehicle data. The model is applied to study the 
influence of speed, torque, surface roughness and lubricant properties on the mechanical 
efficiency of a hypoid gear axle. 
 
3.3 Axle Heat Transfer Model 
 
 
Figure 3.2: Simplified flow chart for Axle Heat Transfer Model 
A flow chart of the axle heat transfer model is shown in the Figure 3.2. The program is 
divided into three main sections namely the friction losses for the gear contact, bearing 
losses and gear churning losses to predict the transmission efficiency. 
The emission drive cycle has been provided with more than 100 input parameters to solve 
various equations predicting the axle total losses. Time varying velocity controls 
temperature rise along with the transmission efficiency, coefficient of friction, rolling 
resistance coefficient and heat transfer coefficient. This full vehicle mathematical model can 
consider the gradient resistance and cold & hot start for necessary vehicle duty. The 
problem was solved completely using a combination of numerical and analytical methods 
designed to minimise solving time. 
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This research work concentrates on underpinning the influence of lubricant properties on 
the efficiency of axles. Coefficients for lubricant property variation were determined 
experimentally and explained in Chapter 4. 
 
3.4 Drive Cycles 
A drive cycle is a fixed schedule of a particular vehicle duty which allows a fuel economy 
emission test to be conducted under reproducible conditions. The drive cycle is defined in 
terms a series of data points of vehicle speed and/or gear selection as a function of time 
[89]. 
There are many drive cycles that have been used to assess performance of vehicles in the 
measurement of fuel consumption and emissions. The project concentrates on the light 
duty trucks but the method and modelling can be applied to any class of vehicle. 
 
Figure 3.3: Ford F-150 dynamometer test (Ford) 
Figure 3.3 shows the Ford F-150 chassis dynamometer test. The rollers can be adjusted to 
simulate the friction losses and aerodynamic resistance. An alternate method can use a 
bench test or a road test [90]. 
There are two types of drive cycle namely- Transient and steady/ modal drive cycle. 
Transient cycles represent the continuous speed changes simulating actual on-road drive. 
Modal cycles involve extended periods at constant speeds. The American FTP-75 and the 
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Artemis drive cycles are transient, whereas the New European Drive Cycle (NEDC) and the 
Japanese 10-15 Mode cycles are modal cycles [89]. 
Two widely used drive cycles, the NEDC and Artemis 150, are used as an input for the 
present study. 
3.4.1 New European drive cycle (NEDC) 
 
Figure 3.4: New European Drive Cycle [89] 
The NEDC is simplified for urban & sub-urban drive and applicable to passenger cars in 
Europe. It consists of a European drive cycle (ECE-15) which is repeated four times and an 
extra-urban drive cycle (EUDC) [89]. Figure 3.4 illustrates vehicle speed verses time for the 
NEDC. 
3.4.2 Assessment and Reliability of Transport Emission Models and Inventory 
Systems (Artemis) drive cycle 
The Artemis-150 cycle includes various drive conditions and is preferred for transient 
analysis [89]. This drive cycle includes all three trip types- urban, suburban and highway as 
shown in the Figure 3.5. It is defined considering main features (average speeds, stop 
frequency and duration); their structures according to the various drive conditions 
encountered, and the order of these conditions. Suburban and highway cycles include in 
particular an urban part at their beginning and end. 
 
ECE-15 
EUDC 
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Figure 3.5: Artemis-150 drive cycle [89] 
The NEDC is often criticized for incapacity to represent real-world driving and was 
developed in the eighties. It is crucial to use a test cycle that reflects real-world driving style 
of delivering the emission reductions. The NEDC has the fixed speeds, gear shift points and 
accelerations which can give an optimised engine emission performance to the 
corresponding operating points of the test cycle. The emissions from the real-world driving 
conditions would be much higher than expected. The ARTEMIS drive cycle project is 
developed to derive a common set of reference real-world driving cycles. This research uses 
Artemis-150 drive cycle. 
Urban 
Suburban 
Highway 
Urban Urban 
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3.5 Vehicle data 
 
Figure 3.6: Ford F150 2010 model 2-wheel drive 
The Ford F150 2010 model is used as an input for predicting power and torque required at 
the wheels (Figure 3.6). The Table 3.1 gives a design and constant values for F150. 
Table 3.1: Ford F150 constant features 
Vehicle mass   2549.2 kg 
Axle mass    45 kg 
Vehicle length   3.198 m 
Vehicle frontal area   3.36 m2 
Tyre pressure    241.317 kPa 
Axle surface area    0.4 m2 
Steel specific heat    490 J/kgK 
Centre of gravity distance from road    0.693 m 
Tyre radius    0.361 m 
Gravity   9.81 m/s2 
Coefficient of drag at 60 km/h    0.398 
Mass distribution - F55.7-R44.3% 
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3.6 Road load 
The road load or the tractive resistance is termed as a resistance to motion when a vehicle is 
traveling at a certain speed; it consists of [90]: 
Aerodynamic resistance,   : This depends upon the size and shape of the vehicle and 
increases approximately as the square of the speed through the air. 
Gradient resistance,   : This is found out by the steepness of the path and the weight of the 
vehicle. 
Rolling resistance,   : This depends mainly upon the type of the path, the tyres used, the 
weight of the vehicle and the speed. 
The movements like acceleration and braking, ride and turning conditions are of interest as 
these forces affect fuel economy and handling. Specified vehicle duty leads to the forces 
imposed on the vehicle from the tyres, gravity and aerodynamics as shown in the Figure 3.7. 
 
 
 
Figure 3.7: Forces acting on F150 for the gradient road (Gradient θ) 
3.6.1 Forces controlling vehicle deceleration 
The tractive effort,  , developed by the resisting forces like aerodynamic, tyres rolling and 
gravity acting on the vehicle determines the performance potential of the vehicle [90]. 
Figure 3.7 shows the forces acting on the vehicle along the road. 
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From the Newton’s second law, 
        
(3.1) 
Balancing the forces on the vehicle, 
              
              
(3.2) 
Aerodynamic resistance,   , is (roughly) composed of turbulent air flow around the vehicle 
body (85%), friction of air over the vehicle body (12%) and vehicle component resistance like 
radiators and air vents (3%) [91]. 
   
 
 
       
(3.3) 
 
Figure 3.8: Variation of drag coefficient with vehicle velocity [92] 
The variation of drag coefficient (  ) with varying vehicle velocity shown in Figure 3.8 is 
applicable to the vehicle under consideration [92]. The coefficient of drag at constant speed 
from Table 3.1 was fitted into this relationship. Generally the drag coefficient varies 
between air speed velocities of 17 m/s (60 km/h) till 28 m/s (100 km/h) but otherwise 
remains almost constant. Overall change in drag coefficient is around 11% when velocity 
increases from 0 to 28 m/s. 
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The gradient resistance,   , is composed of gravitational force acting on the vehicle. 
          
(3.4) 
The rolling resistance,   , is composed of resistance from tyre deformation (90%), tyre 
penetration & surface compression (4%) and tyre slippage and air circulation around wheel 
(6%) [91]. 
            
(3.5) 
Coefficient of rolling resistance of pneumatic tyres on dry roads can be calculated as [93], 
         
 
  
             
 
   
 
 
  
Where, tyre pressure,   , is in bar and vehicle velocity,  , is in km/h. 
Substituting eq. 3.3, 3.4 and 3.5 into eq. 3.2, total tractive effort is calculated as, 
  
 
 
                        
  
  
 
(3.6) 
 
3.7 Actual Axle demand 
Torque and power at the wheels is defined by, 
       
(3.7) 
     
(3.8) 
This formula will predict total power,  , and torque,   , required that can drive a vehicle at 
the required speed. There is an assumption that no power gets transferred (no engine 
braking) when velocity reduces i.e. for deceleration and braking. 
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3.8 Transmission efficiency 
The Figure 3.2 shows a simplified flow chart of the solution method. The model calculates 
losses in three main sections: gear friction, gear churning and bearing losses, which will 
contribute to the bulk axle temperature. 
 
3.8.1 Gear friction power loss 
The simplified approach of Buckingham [46] is used to analyse the geometry and kinematics 
of the hypoid gear pair as described in Section 2.1.7.5. The Figure 3.9 illustrates the method 
used to calculate the total power loss in hypoid gears. It uses the characteristics of spiral 
bevel and worm gear tooth action to approximate the tooth action of hypoid gears to 
determine the sliding velocities and resulting efficiencies. 
 
Figure 3.9: Buckingham’s approximation 
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Figure 3.10: Hyperboloid of revolution 
The Figure 3.10 shows a hyperboloid of revolution created by a generatrix line which is 
tangent to a base cylinder. An angle   is formed by a generatrix line with the base cylinder 
axis as it revolves about the axis. 
      
    
  
  
     
 
        
  is a shaft angle which is 90° when the two hyperboloids (pinion and ring gear) are  tangent 
to each other, as is the case here. 
The base cylinder radius,   , is given by 
   
  
     
 
(3.9) 
The gear peripheral velocity,   , is then obtained from vehicle speed,  , as 
   
    
  
 
(3.10) 
The gear design parameters (e.g. Figure 3.11) were calculated using a machine design 
handbook [94] from the hypoid gear specifications from Table 3.2. 
Generatrix Generatrix 
Rb 
γ 
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Figure 3.11: Gear design parameters 
Table 3.2: Hypoid gear parameters 
 Ring gear Pinion gear 
Design data  
Diametral pitch, /m 169.1 
Shaft angle 90° 
Pressure angle 20° 
Spiral angle 27.216° 48.983° 
Face width, m 0.041 0.049 
Number of teeth 39 11 
Material data  
Density, kg/m3 7860 
Young’s modulus, Pa 2.093X1011 
Poisson’s ratio 0.3 
Surface roughness, m 4 X10-7 
Thermal conductivity, W/mk 43 
Heat transfer coefficient, W/m2K 25 
Specific heat capacity, J/kgK 490 
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Buckingham proposed that the hypoid gears efficiency is made up of combined tooth action 
of spiral bevel and worm gear.  Rolling speeds for pinion and ring gear were calculated using 
a spiral bevel gear approximation. Sliding speeds were calculated using a worm gear 
approximation. 
 
3.8.1.1 Spiral bevel gear (rotational speed) 
The equivalent bevel gear pitch radius,    , is calculated for both pinion and gear as, 
        
     
  
(3.11) 
Where,     and     are pitch radius and base cylinder radius respectively of hypoid pinon 
and ring gear. 
The equivalent helical gear pitch radius,    , is calculated for both pinion and ring gear as, 
    
   
     
 
(3.12) 
The equivalent helical gear pressure angle   is given by, 
     
     
     
 
(3.13) 
Where,    and    are normal pressure angle and spiral angle respectively of the gear at the 
middle of the tooth face. 
The Helical gear ratio,    , is calculated as, 
    
    
    
 
(3.14) 
The rotational speed for the equivalent helical ring and pinion gear is given by, 
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(3.15) 
          
(3.16) 
3.8.1.2 Worm gear power loss (Sliding velocity) 
The rotational speed for ring and pinion gear is given by, 
   
 
  
 
(3.17) 
        
(3.18) 
         
(3.19) 
            
(3.20) 
Worm gear sliding velocity,    , along with helical gear rotational speeds (    and    ) 
were used to calculate sliding and rolling velocity for the transferred torque,   . 
    
      
    
 
(3.21) 
    
   
   
 
(3.22) 
The normal force    for equivalent pinion is given by, 
    
   
    
 
(3.23) 
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Design values were approximated at the centre of the face of the hypoid gear using 
equivalent helical gear. The arcs of approach and recess were calculated by assuming the 
equivalent spur gear. The equivalent helical gear pressure angle,  , was used for this 
purpose. 
The multi-regime film thickness formula was used for line contact (Eqs. 2.1 to 2.4) in EHL 
proposed by Zhang and Gou [61]. Traction prediction in the gear contact was performed 
using the thermally coupled model described by Olver and Spikes [95]. The estimation of 
gear friction requires consideration for roughness. Traction in the mixed and boundary 
lubrication regime was determined using a lambda value based method. Olver and Spikes 
[95] proposed the following empirical formula to calculate the effective mean coefficient of 
friction,   . 
      
     
      
 
(3.24) 
Where    is the EHL friction,    is the coefficient of boundary friction and   is a lambda 
ratio;    was varied according MTM results for the lubricant that was analysed. 
Instantaneous gear friction power loss,    , was calculated using current temperatures, 
speeds and torques at each time step. 
         
(3.25) 
The analysis of traction coefficient was performed for an average entrainment speed and 
effective slide roll ratio, avoiding the need for integration over the mesh at each time step in 
the drive cycle. This is explained in appendix by Kolekar et al. [20]. 
The Roelands Equation 2.19 was used to represent the non-Newtonian behaviour of the oil 
in the gear contact relating pressure and viscosity. The Roelands constant,  , was calculated 
using the method described by LaFountain et al. [96] for the specified test lubricants. A 
detailed description of the method is given in the next chapter. 
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3.8.2 Gear Churning power loss 
Equations 2.21 and 2.22 were used to calculate the total churning power loss,    , using the 
following formula. 
    
 
 
     
             
(3.26) 
3.8.3 Bearing power loss 
The bearing power loss was calculated using two methods. In the first method, bearing 
losses were calculated using the procedure proposed in the SKF catalogue [13]. Currently 
this method is implemented in the full vehicle modelling. The empirical formulae were 
derived from those published by the company for bearings with similar parameters to those 
used in the Ford vehicle. Instantaneous load change due to power transfer through gear 
contact and assembly preload were included in the modelling. Instantaneous gear friction 
power loss,    , was calculated using current temperatures, speeds and torques at each 
time step. 
           
      
(3.27) 
Where,    is the total torque on the bearing, made up of rolling, sliding and drag frictional 
moments. 
The second method solved the thermally coupled, multi regime model for point contact 
using the same method adopted for the line contact [95]. Point contact formulae were 
proposed by Hamrock [53] using Equations 2.10 to 2.15. The two simplifying approaches 
were used to get the coefficient of friction and film thickness to calculate the bearing power 
losses. Firstly, it is assumed that the rolling elements above the centre of the bearing bear 
any load, and secondly, that the radial load on any element is proportional to      . Where 
  is the angle between the two adjacent rolling elements [12]. 
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Figure 3.12: Taper roller bearing total power loss comparison for 75W90 gear oil 
The bearing loss predicted using empirical formulae [13] are insensitive to the traction 
behaviour of the lubricants. Initial work was carried out to implement the effect of lubricant 
properties using bearing point contact models but there was difference of few times. 
Comparison between the two methods is shown in Figure 3.12. The dotted line shows the 
friction loss in the contact and the solid line shows the total loss made up of friction (sliding 
& rolling) and drag losses. At higher temperature, the friction loss dominates the other two. 
Traction model (red line) uses the point contact formulae to predict the friction losses while 
using the same formula proposed by [13] for the drag losses. 
 
3.8.4 Overall efficiency 
The sum of individual components gives the total power loss in the axle. 
               
(3.28) 
Instantaneous efficiency    is defined with instantaneous output power   as, 
   
 
  
   
 
(3.29) 
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3.9 Heat transfer 
Newton’s Law of Cooling states that the instantaneous heat gained, or the heat flux across 
the solid-gas interface, is proportional to the temperature difference between the wall of 
the object and the bulk temperature of the gas. 
    
  
  
   
 
  
              
(3.30) 
In determining the time dependence of the temperature distribution within the axle and its 
surroundings a transient lumped capacitance method is used. Equation 3.30 is solved for the 
vehicle acceleration, deceleration and constant & zero velocity using numerical and 
analytical methods. The standard formula is modified to account for the efficiency of the 
axle, and can then be used to calculate the heat balance using the finite difference method. 
             
   
 
   
               
    
   
(3.31) 
Where,    and    are the axle and mean ambient temperatures at time step  ,    is 
transmitted power,     is the efficiency,      is the thermal mass of the axle,  
   is the convective heat transfer coefficient and    is the axle surface area.      is the axle 
temperature for next time step after time   . An explicit ﬁnite difference time algorithm 
was used with a time step,         . A quasi-static thermal lubrication model was adopted 
to formulate a coupled transient lumped mass analysis as explained by Kolekar et al. [20]. 
The Biot number,   , is a ratio of conduction in a solid and convection at its surface. This 
ratio establishes the significance of the temperature variation inside a body from a thermal 
gradient applied to its surface when a body being heated or cooled by convection at its 
surface. 
   
  
  
 
(3.32) 
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If     , the resistance of conduction within a solid is much less than the resistance to 
convection across the fluid boundary layer [97]. The Biot number was 0.1 for maximum heat 
transfer coefficient (HTC) for the vehicle duties studied in this work. This was a transient 
conduction problem which may be treated simply as a lumped parameter problem. So it is 
reasonable to assume a uniform temperature distribution within an axle at any time during 
a transient process. 
 
3.9.1 Forced & natural convection 
The convective heat transfer coefficient (HTC),  , is one of the parameters that control the 
heat balance inside the axle (or more specifically the lubricant). The ability of the axle to 
transfer heat across boundaries between fluids and solids is slightly more difficult to 
quantify [97].  This is due to the rate of heat transfer being dependent on the geometry of 
the interface and other variables specific to the thermal system (flow character, solid 
geometry, fluid properties, phases etc).  For this reason, HTCs must be either calculated 
through empirical, convective- conductive correlations, which can be found in research 
work, or experimentally measured for each system. 
A systematic approach is required to classify and quantify flows based on certain 
parameters. These parameters, which are governing the flow, are defined by non-
dimensional numbers such as Nusselt number,   , Reynolds number,   , Prandtl number, 
  , and Grashof number,   . 
Nusselt number,   , is the ratio between heat transfer by convection to heat transfer by 
conduction. It is defined as, 
   
  
  
 
(3.33) 
Where   is the representative dimension (e.g., diameter of pipe), and    is the thermal 
conductivity of the fluid. 
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Reynolds number,   , is the ratio of turbulent energy production per unit volume (     ) to 
the corresponding rate of viscous dissipation (      ) [98]. Here    is used in the 
correlation of experimental data on heat transfer in convective flow. 
   
   
 
 
(3.34) 
Where   is the fluid velocity,   is the fluid density and   is the fluid viscosity. 
Prandtl number,   , is the ratio of the diffusion of momentum to diffusion of heat in a fluid. 
   
   
 
 
(3.35) 
Where    is the specific heat. 
Grashof number,   , the ratio between the buoyancy force caused by spatial variation in 
fluid density with temperature variations to the opposing force due to the viscosity of the 
fluid. 
   
        
  
 
(3.36) 
Where   is the acceleration due to gravity,   is the coefficient of expansion of the fluid, 
   is the temperature difference between the surface and the bulk of the fluid. 
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Figure 3.13: Approximation of axle cover to model HTC 
 
 
Figure 3.14: Convective flows 
The axle was approximated to a sphere for the full floating type or a cylinder for the semi 
floating type with the equivalent actual surface area as shown in Figure 3.13. The empirical 
formulae defined by a simple geometry can be used, giving satisfactory values for HTC. 
Forced convection is induced by external means and free or natural convection is induced by 
buoyancy forces. The Figure 3.14 shows the convective flow over a heated axle where the 
majority of heat is transferred by the lubricant to the axle casing through conduction.  
Sphere 
Fully floating 
Cylinder 
Semi floating 
Air flow Heated oil 
Forced Convection: Moving axle Free Convection: Stationary axle 
Gravity 
Moving direction 
Heated axle 
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Free convection is a limiting convection in which heat is taken away by stationary 
surrounding air. The buoyancy effect of the heated air around the axle defines the flow 
patterns. In contrast, the flow pattern in forced convection is determined by some external 
forces like air flow around the axle because of vehicle dynamics. It is assumed that the 
surface temperature    of the axle is uniform and the temperature    is far from the 
surface. The instantaneous air properties such as density, viscosity, specific heat capacity 
and thermal conductivity were evaluated at the ambient,   , and mean temperature,   , 
using reference [99]. 
 
Figure 3.15: Plot of typical HTC as a function of speed 
A typical result is shown in Figure 3.15 for the HTC as a function of vehicle speed when the 
axle housing was treated as a cylinder using Eqs. 3.38 & 3.41. 
3.9.2 Forced convection- flow across the sphere 
Convective heat transfer relationships are usually expressed in terms of    as a function of 
   and   . Empirical formula for forced flow over the sphere was defined by Hausen [100], 
           
 
         
 
    
 
     
   
  
 
 
 
 
(3.37) 
Valid over the ranges, 
 
           
            
            
  
Natural convection 
Forced convection 
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Where, 
Characteristic length      diameter of sphere,     and    are viscosities at the 
surroundings and solid surface temperature respectively. 
The HTC is then calculated from Eq. 3.33 as, 
  
    
  
 
3.9.3 Forced convection- flow across the cylinder 
Empirical formula for forced flow over the cylinder was defined by Gnielinski [101] as, 
              
        
  
(3.38) 
Where, 
                   
 
 
       
              
                        
 
Valid over the ranges, 
              and                 
To account for the effect of property variation with temperature, the   is calculated as 
       
  
  
 
    
 
Where, 
Characteristic length   
 
 
   diameter of cylinder 
The HTC is then calculated from Eq. 3.33 as, 
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3.9.4 Natural convection 
Natural convection was considered when the vehicle was stationary using the Churchill and 
Thelen [102] formula. 
All air properties are taken at Tm, 
   
 
 
        
(3.39) 
         
 
 
 
 
 
     
       
   
   
    
 
    
 
 
 
 
 
   
 
(3.40) 
Valid over the ranges, 
                  &               
Where, 
For Sphere,     ,      
For horizontal cylinder,     ,         
For ideal gases, 
  
 
  
 
Temperature difference, 
           
The natural HTC is then calculated from Eq. 3.33 as, 
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3.10 Summary 
This chapter described the theory and the formulation used for the full vehicle model. The 
equations for road loads, transmission efficiency and heat transfer were described. The 
thermally coupled lubrication model of the vehicle axle system was presented to predict 
temperature variation. The results obtained from the model and its correlation with the test 
data will be shown in chapter 5. 
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4 MTM TESTING FOR CANDIDATE OILS 
 
 
4.1 Introduction 
The MTM, manufactured by PCS instruments, is a ball on disc type test rig where a steel ball 
is loaded against a steel disc. The contact between the ball and the disc is fully flooded by 
bath lubrication. The speed of the ball and disc are controlled separately by electric motors. 
This configuration gives better control and allows the creation of a mixed sliding rolling 
contact such as gears and cams. A traction sensor is used to measure frictional force and a 
load sensor is used to manage applied load. The lubricant and pot temperatures are 
measured with resistance temperature detectors (RTDs). The Figure 4.1 shows the MTM 
test rig with the schematic position of specimens and controllers [103]. 
 
 
Figure 4.1: MTM for the Stribeck curve estimation [103] 
The MTM test rig is generally used in three ways for lubricated contacts. The first is traction 
(EHL friction) curve where entrainment speed (mean rolling speed) is held constant and 
slide roll ratio (SRR) is varied whilst measuring the coefficient of friction. The second is to 
Traction sensor 
Standard specimens 
Disc and ¾” Ball 
Load sensor 
Wear sensor Pot RTDs 
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obtain the Stribeck curve, where SRR is held constant and entrainment speed is varied to get 
the friction coefficient. The third is for film formation, where film growth is measured using 
the spacer layer imaging. 
The SRR is defined as the percentage ratio of the difference and the mean of the ball 
velocity   and disk velocity  . 
    
             
                 
 
       
 
     
  
 
(4.1) 
The subsequent work concentrates on obtaining the Stribeck curve for the different gear 
oils, in order to get the Roeland’s equation constants. 
 
4.2 Test inputs 
Table 4.1: Catagorising gear oils supplied by Valvoline 
Colour Book number FE ranking % General 
description 
Purple C7090-122-1 1.67 Expt. FE 75W90 
Blue C7090-142-1 1.13 Valv. HD 75W90 
Orange C7090-143-1 0.95 Valv. Syn 75W90 
Yellow C7090-121-1 0.61 Comp. 75W90 
Red C7090-149-1 0.00 Expt. 75W90 
Expt.: Experimental; Valv.: Valvoline; Comp.: Competitor 
The tribological tests were performed using a 19.05 mm diameter ball and a 46 mm 
diameter disc where both were manufactured using AISI 52100 steel. The contact load was 
kept constant at 37 N which corresponds to maximum contact pressure of 1 GPa. The 
friction coefficient was investigated for five test candidates which are formulated gear oils 
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as described in the Table 4.1. Fuel Efficiency (FE) ranking was carried out by Valvoline shows 
the percentage of the improved efficiency compared to less efficient gear oil. These FE tests 
were performed using the same car with the fuel load for the same road distance while 
changing the lubricant. 
Specimens and test accessories were cleaned thoroughly before use, first with toluene, then 
with acetone using an ultrasonic bath. The MTM test area was cleaned using toluene and 
iso-propanol before a test was performed. 
 
4.3 Test procedure 
Table 4.2: Test sequence for one set of specimens 
Test 
no. 
Step 
number 
Step name Speed     
mm/s 
Run time     
min 
SRR         
% 
  
  
  
  
   
   
1-2- 
3-4 
1 Stribeck curve  2500-10    
 
 
 
 
 
5-20-
50-100 
2 Rubbing 2500 5 
3 Stribeck curve  2500-10  
4 Rubbing 2500 10 
5 Stribeck curve  2500-10  
6 Rubbing 2500 15 
7 Stribeck curve  2500-10  
8 Rubbing 2500 30 
9 Stribeck curve  2500-10  
10 Rubbing 2500 60 
11 Stribeck curve  2500-10  
12 Rubbing 2500 60 
13 Stribeck curve  2500-10   
 
The MTM profile editor (PCS Instruments software version 1.4.0.0) used to create the test 
profile and the MTM-PC program (version 3.2.2.0) used to run this profile. The test profile 
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was defined by thirteen steps containing seven Stribeck curves and six time steps (rubbing) 
at constant temperature and load. Each ball and disc undergo four tests at increasingly 
severe conditions where SRR increased from 5 to 100%. Table 4.2 explains the test profile in 
detail; the Stribeck curve was captured for a 10-2500 mm/s speed range. The test 
temperature was kept constant, and rubbing run time increased from 5 to 60 min as test 
progress to build the lubricant film. The total time for each test was approximately 3.5 hrs, 
allowing the Stribeck curve to stabilise i.e. minimal variation of friction for a set range of 
entrainment speed. This is depicted in Figure 4.2 which shows no variation in friction 
coefficient for EHL regime. However, there is an upward shift in friction coefficient with 
increasing rubbing time for mixed and boundary regime. This variation became negligible for 
step number 11 and 13. 
 
 
Figure 4.2: Typical Stribeck curves obtained for blue gear oil 
The SRR was varied for four values (5, 20, 50 and 100 %) and the lubricant test temperature 
was varied for three values (40, 70 and 100 °C) for each gear oil candidate. The applied load 
kept constant to see the effect of temperature on the Eyring stress. 
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4.4 Results and Post processing 
Data from the last step (Stribeck curve) for each test was used to generate the oil constants. 
Table 4.3 shows the viscosity and density properties measured at Valvoline, which were also 
measured at Imperial College within 1% confirmation. 
Table 4.3: Gear lubricant candidate properties 
Lubricant  , Pa.s  , Gpa-1  , kg/m3 
 
40 °C 100 °C 40 °C 100 °C 15 °C 
Purple 0.0761 0.0131 22.08 15.83 863.60 
Blue 0.1120 0.0155 22.11 15.96 891.28 
Orange 0.0751 0.0130 22.26 15.86 858.32 
Yellow 0.0926 0.0135 21.58 15.59 888.64 
Red 0.0647 0.0104 21.42 15.13 861.48 
 
Figure 4.3 shows the coefficient of friction versus mean (entrainment) speed with varying 
SRR for three chosen speeds for rubbing step (10, 100, 2500 mm/s). To see the effect of 
rubbing speeds, two extra speeds (100 mm/s giving mixed lubrication and 10 mm/s giving 
boundary lubrication) were selected at constant temperature of 70 °C. There was no change 
in the EHL region but a big increase in friction for boundary and mixed region with SRR for 
the constant rubbing speed. Furthermore, mixed (100 mm/s) rubbing speed gave the lowest 
friction values. 
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A. 5% SRR      B. 20% SRR 
a.1 b.1 
a.2 b.2 
a.3 b.3 
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C. 50% SRR      D. 100% SRR 
 
 
                                                                                                                                                                                                                             
Figure 4.3: Stribeck curves for varying rubbing speed for test lubricants at 70 °C 
 
 
c.1 d.1 
c.2 d.2 
c.3 d.3 
Legend:           
Rubbing speed:   x.1- 2500 mm/s; x.2- 100 mm/s; x.3- 10 mm/s 
SRR: A- 5%; B- 20%; C- 50%; D- 100% 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
MTM TESTING FOR CANDIDATE OILS 
96 
 
 
 
Contours plot for Rubbing speed:
 
Test lubricants: 
R. Red   Y. Yellow 
      O. Orange   P. Purple   
      B. Blue 
Figure 4.4: 3D Stribeck graphs 
for test lubricants at 70 °C 
R 
O 
B 
Y 
P 
Note: The mean speed values on the x-axis are exponent on 10. The y-axis is slide roll 
ratio percentage and z-axis is coefficient of friction. Each figure for test lubricant has 
three surfaces showing the three different rubbing speeds. 
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The 3D Stribeck graphs for the 70 °C are shown in Figure 4.4. The graphs were constructed 
with the 2D data collected at three different rubbing speeds for four SRR. Each 3D graph has 
a mean speed on the x-axis, coefficient of friction on the y-axis, and SRR% on the z-axis. 
Presenting the test data in a contour plot format gives better understanding of the contact 
friction behaviour and response to changes in both speed and SRR. As shown in the graph, 
mixed speed (100 mm/s) for rubbing step gave lowest friction for all entrainment speeds 
and SSRs compared to EHL (2500 mm/s) and boundary (10 mm/s). 
 
The figures (Figure 4.5-Figure 4.7) depict a comparison between the five oil candidates with 
varying temperature and SRR. With a temperature increase, the EHL friction reduces 
showing a shift in regime for the Stribeck curve. The same behaviour was observed with an 
increase in SRR while the temperature is constant. In the EHL regime, the oil candidates 
were ranked in the same order irrespective of the test conditions, with “blue” showing the 
highest friction coefficient and “orange” showing the lowest. 
The red gear oil gives a low friction coefficient at 40 °C which keeps on increasing with 
temperature until the friction becomes maximum in mixed and boundary   speed at 100 °C. 
The yellow gear oil shows a higher coefficient of friction compared to other oil candidates 
except at 100 °C. The fuel efficient purple gear oil is most effective for the mixed and 
boundary speed at 40 °C and achieves an intermediate friction value at 70 and 100 °C. 
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Legend: 
 
Rubbing speed= 2500 mm/s 
SRR= a- 5, b- 20, c- 50, d- 100% 
Figure 4.5: Stribeck curves for 
test lubricants at 40 °C 
a 
b 
c 
d 
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Legend: 
 
Rubbing speed= 2500 mm/s 
SRR= a- 5, b- 20, c- 50, d- 100% 
 
Figure 4.6: Stribeck curves for 
test lubricants at 70 °C 
Figure:  
a 
b 
c 
d 
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a 
b 
c 
d 
Legend: 
 
Rubbing speed= 2500 mm/s 
SRR= a- 5, b- 20, c- 50, d- 100% 
 
Figure 4.7: Stribeck curves for 
test lubricants at 100 °C 
Figure:  
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4.4.1 Elasto-hydrodynamic Properties of Gear Lubricants 
As entrainment speed increases, a full fluid film forms between the contacting surfaces 
where no asperity interaction takes place. This EHL regime is relatively flat at low SRR until 
shear heating in the contact reduces the traction coefficient further at high SRR. This 
phenomenon can be seen in the Figure 4.8 where SRR increases from 5 to 100% for orange 
gear oil. The shear rate,   , in the traction models is used as the independent variable 
assuming a linear velocity gradient across the film thickness. 
 
Figure 4.8: Varying SRR effect on the coefficient of friction for orange gear oil 
   
  
  
 
(4.2) 
Where film thickness,   , is calculated using Chittenden’s Equation 2.9 [64] for a point 
contact (     ), 
   
        
          
       
 
(4.3) 
The sliding speed    and film thickness    are used for calculating the variation of traction. 
Figure 4.9 shows the traction data plotted for fixed SRRs and varying entrainment speeds 
against the shear rate for orange gear lubricant. Each data series shows MTM 
EHL region 
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measurements at fixed SRRs and varying entrainment speeds. Each Stribeck curve was 
captured for SRRs of 5, 20, 50 and 100% for five gear lubricants. Both the Stribeck and the 
traction curves have traction coefficient as the y-axis. 
 
 
 
 
Figure 4.9: EHD traction measurement for orange gear lubricant 
In the EHL region, the influence of asperities becomes negligible and at low SRRs the 
traction data approach a common curve. At high SRRs, the convergence to the common 
curve disappears due to shear heating as shown in Figure 4.9 (a, b, c) in the thermal EHL 
region. An understanding of the influence of shear heating on the traction coefficient is 
Legend:  
Rubbing speed:   a, b, c- Thermal traction coefficient vs. Shear rate    
    d, e, f- Iso-thermal traction coefficient vs. Shear rate 
a d 
b e 
c f 
40 °C 40 °C 
70 °C 70 °C 
100 °C 100 °C 
(Eq. 4.5) 
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needed in order to effectively compare the traction behaviour of the gear lubricants, and 
obtain the constants for the Roeland’s equation. LaFountain et al. [96] proposed to use the 
nonlinear viscoelastic model given by Evans and Johnson [104] to fit the shear heating 
response. The model defines the shear rate    using following equation. 
   
  
 
     
 
  
  
(4.4) 
   is Eyring stress which represents the commencement of non-Newtonian behaviour and   
is lubricant viscosity in the contact which is defined by Roelands equation. The viscosity is 
calculated using an instantaneous mean pressure   and pressure viscosity coefficient  . 
Similarly,    and   have been estimated by effective pressure over the contact area to    
and   . 
   
  
 
     
  
  
  
(4.5) 
The Eyring curve was calculated using this equation which matches with iso-thermal traction 
coefficient in the EHL region as shown in Figure 4.9. 
The average temperature rise of lubricant in contact due to shear heating is expressed using 
a modified form of Crook [105] equation as proposed in [96]. 
   
      
  
 
(4.6) 
   is a thermal parameter defined from the thermal conductivity of the lubricant (     ). 
In Crook’s equation *105], the constant   was given value of 8 while other literature quoted 
the value of   in the range from 4 to 24 [96]. For this uncertainty and simplicity a single 
thermal parameter    is used for this study. The temperature rise was calculated using the 
iso-thermal shear stress values by varying    and z (in contact viscosity  ) for each lubricant 
to fit the experimental data. The mean effective viscosity and iso-thermal traction 
coefficient was recalculated using this temperature rise. 
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And so the fractional temperature correction is, 
  
  
 
   
  
  
 
 
  
  
 
   
  
    
(4.7) 
The viscosity variation with temperature was calculated using Equation 2.11 or 2.12 and 
variation of pressure viscosity coefficient was calculated using a linear variation with 
temperature. 
Figure 4.9 (d, e, f) depicts the resulting thermally corrected curves for the orange gear 
lubricant data. After the thermal corrections to iso-thermal behaviour in the EHL region all 
data points follow a common line defined by Eyring’s equation. Similarly lubricant constants 
were calculated for other candidates by relating traction coefficient to the applied shear 
rate.  
 
4.5 Findings 
LaFountain [96] suggested using the Barus equation for the pressure viscosity relationship. 
However, in this work the Roelands equation was used to define in-contact viscosity for the 
more viscous synthetic gear lubricants. At high pressure, the Barus equation over predicts 
viscosity due to the direct exponential dependence compared to what is seen 
experimentally. In practice, Roelands equation gives a better prediction with experiments 
provided the pressure viscosity index,  , is precisely calibrated [70-72]. 
4.5.1 Effect of temperature variation 
The thermal correction was applied to the gear lubricant candidates to extract iso-thermal 
EHL traction coefficients. The derived constants for the lubricants are shown in Table 4.4. 
For all lubricant candidates the values for    fell within the range 1 to 45 W/mK (at      
       ). 
 
 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
MTM TESTING FOR CANDIDATE OILS 
105 
Table 4.4: Lubricant constant values 
Lubricant  , °C      , 
Pa.s 
  , Pa.s  
 , 
W/m.K 
 , GPa-1     , MPa 
@1GPa 
Purple 
40 0.0763 607.032 29 22.08 0.55 5.5 
70 0.0238 43.462 5.8 18.955 0.55 7.8 
100 0.0132 6.67 1.4 15.83 0.52 8.2 
Blue 
40 0.112 3133.825 45 22.110 0.58 5.7 
70 0.0301 173.054 9.5 19.035 0.59 7.6 
100 0.0155 23.988 2.5 15.960 0.57 8.0 
Orange 
40 0.0751 365.537 25 22.26 0.53 6.2 
70 0.0235 28.501 5 19.06 0.53 8.0 
100 0.013 5.488 1.1 15.86 0.51 8.4 
Yellow 
40 0.0926 2586.832 40 21.58 0.59 5.6 
70 0.0257 119.672 9 18.585 0.59 7.8 
100 0.0135 14.552 2.3 15.59 0.56 8.0 
Red 
40 0.0647 1241.345 35 21.42 0.595 5.2 
70 0.0192 65.807 6 18.275 0.595 8.0 
100 0.0104 11.443 1.7 15.13 0.580 8.2 
  
The findings show that  - characteristic for a specific oil, remains fairly constant with 
temperature increase.  The variation in Eyring stress    with temperature is shown in Figure 
4.10 at a constant maximum pressure of 1 GPa. 
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Figure 4.10: Variation of Eyring stress with temperature at         
4.5.2 Effect of pressure variation 
 
Figure 4.11: Variation of Eyring stress with contact pressure 
Further experiments were performed for five different contact pressures,   , to identify the 
effect on the Eyring stress for orange and yellow gear oil. Figure 4.11 shows the values 
obtained for the Eyring stress,   , and a polynomial curve fitted to the data. Tabor [106] 
suggested that the lubricant behaved like a waxy solid when shear stress,  , is almost 
constant and independent of shear rate,   . Initially,    increases with    as would be 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
MTM TESTING FOR CANDIDATE OILS 
107 
expected, before reaching a limit. The observations demonstrated that the limiting shear 
stress had been reached in the MTM tests and    started to decrease slowly with the 
contact pressure. 
In an EHL contact, shear thinning occurs at higher shear rates, such as in the case of high 
contact pressure and speed, where the in-contact viscosity is very high. Here the pressure 
range is 0.5 to 1.25 GPa, leading to high viscosities. In combination with the rapidly 
increasing shear rates, this leads to high shear stresses. This might change the models for 
predicting material behaviour based on stress-strain relationships. Figure 4.12 shows the 
EHD traction measurement at 0.75 and 1.124 GPa for the orange gear oil with a Newtonian 
behaviour (brown curve).  Compared to 1 GPa, 0.75 GPa exhibits a lower traction coefficient 
while 1.124 (and 1.25) GPa results in a similar traction coefficient (Figure 4.9 e). 
 
Figure 4.12: EHD traction measurement at a. 0.75 GPa and b. 1.124 GPa for orange 
gear lubricant 
Table 4.5 illustrates the variation of oil properties with the maximum Hertz contact 
pressure, for orange and yellow gear oil at 70 °C. These tests were carried out in order to 
examine how varying    affects the Eyring stress, the shear stress- strain rate characteristic. 
Moore [107] suggests that at high contact pressures the Eyring stress tends to the limiting 
shear stress behaviour with a coefficient of traction equal to    . The  
  remained constant 
after the limiting shear stress was reached confirming the phase change. 
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Table 4.5: Gear oil property variation with maximum contact pressure at 70 °C 
Gear oil Property 
Maximum contact pressure,   , GPa 
0.5 0.75 1 1.124 1.25 
Orange 
Eyring stress,   , MPa 3 5.5 8 7.4 7 
Thermal para.,  , W/mK 3 4 5 5 5 
Viscosity,   , PaS 1.41 6.60 28.50 49.56 93.24 
Roelands constant,   0.53 0.53 0.53 0.53 0.53 
Yellow 
Eyring stress,   , MPa 4.5 5.8 7.8 7.1 6.9 
Thermal para.,  , W/mK 5 6.5 9 9 9 
Viscosity,   , PaS 3.07 19.90 119.67 237.54 521.65 
Roelands constant,   0.59 0.59 0.59 0.59 0.59 
 
4.6 Discussion 
Most base oils exhibit a Newtonian behaviour. However, the gear oils studied here are 
formulated synthetic oils which exhibit a non-Newtonian behaviour [12, 17]; i.e. the 
viscosity of the fluid varies with the rate at which it is being sheared. By blending polymers 
into the base oils the rheology will be modified and as a result high temperature 
performance can be improved. This process will affect the viscosity of the oil depending on 
concentration, type, and the rate at which it is being sheared. Further studies are required 
to investigate how the viscosity performance of the polymer solution varies over a range of 
shear rates. This can be discussed: 
1. The in-contact shear stress,  , at the preselect shear rate,   , for the experiment has 
been measured. The effective ‘in-contact’ viscosity,  , is     . 
2. The effective, corresponding, low-shear rate, viscosity     (still at the mean contact 
pressure   and film temperature,   ) is derived by fitting the measured values of   to a 
model based on       (assumed to be given by Roelands equation) and on the shear 
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thinning model from Eyring together with a simple thermal correction proposed by 
Lafountain et al. [96]. This results in the parameters  ,    and 
 . 
3. The fact that plots of the derived values of    and  
  show a discontinuity at    
          (        ) suggests that a change in the rheological equation of state 
occurs at this pressure. The discontinuity shown in Figure 4.11 implies that the true 
viscosity    at high pressure is less than would be expected by extrapolation of the 
lower pressure data. This is consistent with the presence of a limiting shear stress (  
becomes constant as    continues to increase) under the high pressure conditions [95, 
106, 107]. This could be thought of as more severe shear thinning (lower viscosity) for 
the high pressure condition. 
The full vehicle model currently considers the variation of Eyring stress with temperature. 
The variation with pressure is modelled up to          but the axle bench tests were 
carried out at low torque where the maximum value of    was          . 
 
4.7 Conclusion 
This experimental work showed that Eyring stress for a given lubricant can be determined 
by interpolation of the measured temperature and pressure dependence. This helped to 
formulate a thermally coupled lubrication model for an axle more accurately, where the axle 
efficiency depends on the instantaneous lubricant rheology. 
Observation (Figure 4.4) suggested that the running-in procedure for gear lubricant is best 
carried out under a mixed lubrication region where tribo-film formation can take place 
without surface damage. Furthermore, the value of viscosity and Eyring stress in the contact 
can decide traction losses in the EHL region. 
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5 MODELLING RESULTS AND 
CORROBORATION 
 
 
5.1 Introduction 
A transmission system for a vehicle, converts the output torque and speed of an engine into 
the torque and speed required for the work load. This torque and speed gets transferred to 
the final drive through pinion gear and decides the mechanical inefficiency affecting the 
gearbox temperature. 
In the previous two chapters, an axle mechanical efficiency prediction methodology was 
proposed and applied to a hypoid gear pair. Chapter 3 discusses the axle heat transfer 
model where the road loads, gear design parameters, operating conditions, lubricant 
properties and heat transfer were considered influential factors that determine the friction 
coefficient.  The same parameters are therefore also expected to influence the power loss 
or mechanical efficiency of a gear pair. For the power losses associated with gear windage, 
oil churning, and bearing friction, published empirical formula will be employed using these 
influential factors. The effect of these factors can be studied through different vehicle test 
conditions. 
This chapter will present the modelling results for standard drive cycles. Then the vehicle 
road test results and comparison of the axle bench test with an enhanced axle thermal 
model will be presented. Both road and bench tests were carried out at a research facility in 
Ashland, USA under the guidance of the author. 
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5.2 Heat transfer measurements 
The axle is heated by load dependent losses (internal frictional) and speed dependent losses 
(viscous dissipation) and cooled by external convective heat transfer, forced convection 
when the vehicle is in motion (Figure 3.1). A convective heat transfer coefficient was thus 
determined from the empirical formulae as a function of vehicle speed using air thermal 
properties.  
For the paper [20], the external air was assumed to be still so that the free stream in the 
forced convection analysis was identical to the road speed of the vehicle. External 
temperature was assumed to be constant. Visco-elastic properties, lubricant Eyring stress    
and bulk modulus  , were assumed invariable with temperature. Density  , viscosity   and 
pressure-viscosity coefficient   was varied with temperature. The axle housing was treated 
as a cylinder of diameter 350 mm and length 360 mm. Results are discussed in the next 
section. 
In actual testing it was found that, due to limited space, there is a major reduction (~5 
times) in the airflow around the axle compared to the vehicle speed (equal to air speed 
around the vehicle). The Figure 5.1 shows the axle position and surrounding components. 
 
 
 
Figure 5.1: Under the truck: axle position and surrounding components 
The surrounding components: an exhaust pipe, a drive shaft and an evaporative system 
were impeding the air flow towards the axle. Air flow velocity around the axle was 
measured using pitot tubes. A pitot tube can measure the air flow velocity by converting the 
Exhaust muffler Drive shaft Evaporative System 
Exhaust pipe 
Spare tyre Axle/ Final drive 
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kinetic energy into potential energy. The pitot tube measures a pressure by bringing the 
moving fluid to static while facing towards the flow stream. For more information, the 
reader is asked to refer to [108]. 
 
 
Figure 5.2: Pitot tube locations 
The Figure 5.2 shows the location of pitot tubes. Initially three pitot tubes were used to 
measure the flow velocity on the top part of the axle. Afterwards, a bottom pitot was added 
to measure air velocity at the central part of the axle. The Figure 5.3 shows the average 
reduction in air flow velocity around the axle compared to the actual vehicle speed. Road 
tests were carried out in urban and highway driving conditions in the United States. 
 
Figure 5.3: Airflow reduction 
Right pitot Centre pitot Left pitot 
        
         
Left pitot 
         
         
Centre top pitot 
       
       
Right pitot 
 
       
Centre bottom pitot 
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The air flow velocity over the axle was highest for the right pitot tube because the left was 
more obstructed and central was located near the floor board. Also there was no major 
effect of the vehicle velocity variation on the pitot tube velocity prediction. It was found 
that the urban driving has better air flow compared to the highway and the right pitot has 
better urban,   , and highway ,  , air flow velocity. The size and position of obstruction 
have reduced the convective heat transfer especially for the evaporative system in front of 
the axle. 
To calculate the HTC, two approaches were followed- the first considered the axle as a 
sphere depicting the fully-floating axle and the second considered a cylinder for the semi-
floating axle. Hausen [100] proposed a formula from the experiments for the sphere.  It 
should be noted that the air properties surrounding the axle vary with temperature and 
minimum natural convection was considered for slower speeds for this assumption. The 
formula for an approximation of the axle as a cylinder was derived by Gnielinski [101] where 
air properties vary with near wall temperature. Natural convection was predicted using 
instantaneous axle temperature [102]. 
 
 
Figure 5.4: Thermocouple positions on the vehicle 
There were four channels measuring ambient near differential, ambient, sump cover and 
sump fill temperatures. A thermocouple that was located near the differential gave an air 
temperature around the differential housing which was tied to the wiring harness. This 
temperature was used as input for the HTC calculations. Also, the thermocouple that was 
attached to the underside of the driver's mirror was used to measure ambient temperature. 
Sump thermocouple Ambient Thermocouple 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
MODELLING RESULTS AND CORROBORATION 
114 
Two thermocouples were used to measure sump temperature, one on the cover and 
another dipped in the axle oil. Figure 5.4 shows the location of ambient and sump-fill 
thermocouples. 
The Global Positioning System (GPS) receiver was capturing the details for the route driven 
and an altitude value. This information was used to calculate the road gradient in the model. 
 
5.3 The thermal model improvements using vehicle testing 
To confirm assumptions made by calculating the Biot number,   , (Section 3.9), three 
thermocouples were installed to keep check on ambient temperature around the axle, sump 
fill temperature and sump cover temperature during a two-hour vehicle road test. The 
results in Figure 5.5 showed that there was no difference in the sump fill and sump cover 
temperatures. 
 
Figure 5.5: Comparison for temperature difference across the axle casing 
The free convection formula (Subsection 3.9.4) was fine-tuned using the axle cooling down 
results and setting the minimum HTC. Figure 5.6 shows a good correlation for the axle 
cooling because of free convection, where a variation in the surrounding temperature is also 
considered. 
Temperature curves for sump fill and sump cover overlap 
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Figure 5.6: Validation of free convection for the axle 
Minimum forced and natural HTC was assumed as 25 and 5 W/m2K respectively. 
 
5.4 Preliminary results before optimisation 
The author [20] illustrates the three drive cycles used to compare two different lubricants 
for the axle bulk temperature change. The assumed vehicle parameters, lubricant properties 
and bearing details were given in the paper (Table 1, 3 and 4 respectively). Figures (5.7-5.12) 
show some selected results from this paper which were before improving the model for HTC 
and gear lubricant candidate properties using the test results. The aim was to evaluate the 
relative total energy loss and overall efficiency for two different oils. 
5.4.1 Drive cycles 
Two drive cycles results are presented here as listed in Table 5.1 and explained in Section 
3.4. The NEDC, used in Europe, is a short duration drive cycle. The severe drive cycle 
consisted of the Artemis 150 speed time data together with a uniform uphill 5° gradient. The 
total energy demand for the severe drive cycle was almost 14 times compared to the NEDC. 
The axle initial and ambient temperature was set to 23 °C for NEDC and 35 °C for the severe 
drive cycle. 
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Table 5.1: Drive cycles analysed 
Drive cycle Duration 
min 
Gradient Start and ambient 
temperature, 
TA / °C 
Total energy demand 
for target vehicle, J 
NEDC 20 0° 23 9,182,100 
Severe cycle 
52.4 5° 35 133,830,000 
 
 
Figure 5.7: Bulk temperatures for two lubricants of different viscosity grades, 
NEDC 
 
Figure 5.8: Bulk temperatures for two lubricants of different viscosity grades, 
severe drive cycle 
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Figures (5.7-5.8) show a comparison of the axle bulk temperature variation for two 
lubricants during simulated drive cycles. The NEDC shows small temperature increase and 
slightly lower temperature for the lower viscosity PAO. The severe drive cycle shows a 
higher temperature increase compared to PAO. The gear oil (GO) lubricated axle being 
around 18 °C cooler. 
 
Figure 5.9: Instantaneous power loss for two lubricants of different viscosity 
grades, NEDC 
 
Figure 5.10: Instantaneous power loss for two lubricants of different viscosity 
grades, severe drive cycle 
Figures (5.9-5.10) depict the instantaneous power loss during two drive cycles. The speed 
dependent losses are dominant during the low-power NEDC; however torque dependent 
losses are significant in the demanding severe drive cycle. This shows that the low viscosity 
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PAO is more efficient for NEDC while the gear oil is more efficient for the severe cycle. The 
speed dependent losses are greater for the gear oil while the torque dependent losses are 
lower. 
 
Figure 5.11: Effect of boundary friction modifier on temperature: for 75W90 gear 
oil, severe drive cycle 
 
Figure 5.12: Effect of boundary friction modifier on power loss: for 75W90 gear 
oil, severe drive cycle 
The effect of a friction modifier (Mo-type) was studied where the maximum friction 
coefficient was assumed to be 0.03 in boundary lubrication [20]. Figures (5.11-5.12) depict 
the temperature and power loss for the gear oil and for the severe drive cycle. The total 
power loss is significantly reduced. The torque dependent loss is reduced by almost half 
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while the speed dependent loss is slightly increased. The lower temperatures result in a 
higher viscosity for the churning and bearing power loss. 
Table 5.2: Total power loss and overall efficiency 
Drive cycle GO Energy loss, J 
(Efficiency %) 
PAO Energy loss, J 
(Efficiency %) 
GO+ Mo Energy loss, J 
(Efficiency %) 
NEDC            
(95.42) 
          
(96.00) 
-NA- 
Artemis-150           
(96.06) 
          
(96.28) 
          
(96.17) 
Severe cycle           
(97.75) 
          
(97.18) 
          
(98.26) 
 
The net efficiency is listed in Table 5.2 and varies between 95 to 98% depending on oil and 
drive cycle. Only in very demanding conditions the efficiency is influenced by lubricant 
additives. 
5.4.2 Discussion 
The results in the journal paper were not compared with experiments but the trends shown 
were broadly correct for lubricant types and additive effect. The result of the simulation 
showed a gradual temperature increase in the axle. Appreciable effects of viscosity grade 
and additives were found only at the demanding conditions. 
The lubricant ranking order was decided by the intended drive cycle that shows a noticeable 
difference in the power loss. A low viscosity lubricant was more efficient for the NEDC but as 
power demand increases, the efficiency reduces compared to a more viscous lubricant. This 
can be explained by contacts operating in the mixed lubrication regime at high power. 
These findings confirm that a thermally coupled final drive model is required. This model 
also shows the effect of lubricant fill level, surface finish of contacting solids, bearing 
preload, bearing type and hypoid offset on the overall efficiency. These also affect the 
ranking order of lubricant used which deserves further investigation.  
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The bearing loss model [13] used here was independent of non-Newtonian behaviour of the 
lubricants and is therefore unrealistic. It seemed that a more detailed thermal analysis of 
this region would be valuable so a separate bearing traction model was prepared using a 
method proposed by [95] to include fluid traction behaviour. 
The severe duty cycle represents a steep terrain and high external temperatures. The axle 
temperature rises rapidly and contact mostly remains in mixed and boundary lubrication. 
The influence of friction modifier additives was studied. Figures (5.11 & 5.12) show the 
effect of the friction modifier addition to the net efficiency is modest in comparison to the 
big changes in coefficient of friction that are possible. To consolidate, for the same vehicle, 
different lubricants may be used to improve efficiency according to the intended duty. 
 
5.5 Corroboration of simulations with the axle bench test and the 
road vehicle test results 
This sub-section will explain the test setup of the axle bench and its corroboration with the 
simulated model. In addition, there is a comparison between road vehicle experiment 
where setup for this test is explained in Subsection 5.2 (Heat transfer measurements). The 
test setup and procedure was proposed to measure a full size pickup truck’s rear axle 
efficiency. The test rig was built up at a research facility in the USA. 
5.5.1 Test setup 
Figures (5.13-5.14) show the setup for the axle bench test. The bench test measures the 
input and output shaft torque at variable speeds and variable loads.  
The mounting structure is made up of an aluminium base with aluminium blocks to hold the 
axle shafts. The axle shafts were trimmed down and the differential was welded to avoid 
any spinning. The input shaft was driven by an electric motor using a loading device for 
exerting torque on the pinion. One side of the output shaft was connected to the motor to 
measure transferred torque and speed. A rotary strain gauge was connected to the input 
and output shaft to measure the torque. 
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Figure 5.13: Axle bench test setup without insulation cover 
 
 
Figure 5.14: Inside components of axle 
Torque gauge 
for output shaft 
Input shaft 
motor 
Shaft hold 
block 
Torque gauge 
for input shaft 
 
Outlet: Towards 
heat exchanger 
Output shaft 
motor 
V-pulley with 
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Oil inlet for 
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Thermocuples Welded 
differential gears 
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Thermocouples were introduced to measure axle casing, oil sump and around axle 
temperatures. The axle was insulated using a polycarbonate box to avoid heat loss through 
convection. The test lubricant was used for taking away the heat dissipated through friction 
and churning to maintain a constant axle temperature. The flow of lubricant via the water 
heat exchanger was controlled using the valve. The difference between the thermal energy 
lost through the heat exchanger for the different oils gives a reliable measure of the 
efficiency difference. A computer based control system served the control needed on the 
test bench to measure speed, torque and temperature. 
 
5.5.2 Experimental procedure 
The tests were carried out at the same starting temperature for yellow and orange gear oils. 
The temperature in the test area was controlled using the air conditioner. The test 
procedure consisted of running the input shaft (pinion) at a fixed load and speed condition. 
For example, 600 RPM represents 23 kmph speed on the road for a Ford F150 pickup truck. 
The test was run and data recorded until the sump temperature stabilised. 
The plan was to validate full vehicle model results and, if required, tune it further to 
increase the accuracy of speed and load dependent losses. The comparison of bench test 
speed and torque with those obtained in the road test is shown in Figure 5.15. Due to 
limitations of the input motor, the torque applied was not large enough to simulate the 
maximum acceleration of the road test but was good enough to show intermediate cruise 
accelerations. The markers in blue, red and green illustrate the input shaft speeds of 600, 
1200 and 1800 RPM respectively. Figure 5.15 also shows the average torque applied in 
NEDC and Artemis drive cycles. There is a quick acceleration of 3.5 sec requiring 2366 Nm 
maximum output torque while slow acceleration of 61sec requires only 855 Nm. 
The test matrix contained 600 RPM, 1200 RPM, 1800 RPM input speeds at three load points 
(zero, half, full torque) and two different temperature set-points. The lowest sump 
temperature that the insulation cover could control was 46.5°C at the maximum speed and 
load point with the heat exchanger operating at the highest capacity. This was used as one 
temperature set-point for subsequent runs, along with the higher sump set-point of 70°C. 
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Figure 5.15: Rig test range compared to road test 
Table 5.3: Key lubricant test properties 
Properties at 46.5 °C Yellow gear oil Orange gear oil 
Density, g/cm3 0.8735 0.8407 
Viscosity, cSt 71.34 62.19 
Thermal conductivity, W/mK 0.130 0.139 
Specific heat, J/kgK 1996 2053 
Eyring stress, MPa 6.3 6.65 
 
Table 5.3 shows calculated test properties for yellow and orange oil. 
 
5.5.3 Results of the axle bench test 
Due to heat loss from the aluminium base and shaft hold block, the test could not reach the 
upper set-point (70 °C) with the lower speed and load conditions, specifically the zero load 
points. Results shown in the Figures (5.16-5.17) are compared at 46.5 °C. Standard deviation 
is higher for 600 RPM and reduces as input shaft speed increases. 
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Figure 5.16: Comparison of predictions with test results for yellow gear oil at 
46.5°C 
 
Figure 5.17: Comparison of predictions with test results for orange gear oil at 
46.5°C 
There is a good agreement between the empirical formulae used for no load conditions for 
both the gear oils. As the torque increases, the discrepancy increases where predicted 
values are higher than the standard deviation for the test data. There is a linear increase in 
torque loss with speed and input torque for the simulation results. Gear frictional losses 
increase linearly with applied torque while churning losses remain constant. Bearing losses 
are dominated by rolling friction than sliding friction and drag losses. 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
MODELLING RESULTS AND CORROBORATION 
125 
 
Figure 5.18: Comparison of torque loss at 1800 RPM 
Figure 5.18 shows the comparison of torque loss at 1800 RPM for yellow and orange gear 
oil. Yellow gear oil gave more losses compared to orange gear oil as its density and viscosity 
is higher. Both orange and yellow gear oils show good correlation where errors in the data 
capture go down with the pinion speed. Sub-section 5.5.5 (Discussion) explains the effect of 
the boundary friction coefficient and surface roughness on the torque loss. 
 
5.5.4 Result of the road vehicle testing 
 
Figure 5.19: Altitude variation within test time 
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The vehicle road testing was carried out in the USA. Data was captured every second for 
temperatures around the vehicle and the axle, air velocity around the axle and altitude 
(Figure 5.19). The thermally coupled model takes time, vehicle velocity, axle surrounding 
temperature and altitude as the input to calculate the instantaneous axle bulk temperature. 
The vehicle features used were shown in Table 3.1 with axle sump at 32.13 °C and ambient 
at 30.24 °C as a start temperature. 
A convective heat transfer coefficient was calculated using instantaneous air thermal 
properties as a function of vehicle velocity. The average airflow reduction around the axle 
from the road speed of the vehicle was assumed which gave an overall reduction in a 
convective heat transfer coefficient to 40%. The air around the vehicle is assumed to be still. 
 
Figure 5.20: Comparison of vehicle road test and thermal model for sump 
temperature 
The road test was carried out on highway with common speed of 110 kmph for 2 hrs. Figure 
5.20 shows a good correlation between the vehicle road test and the axle model for yellow 
gear oil. 
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5.5.5 Discussion 
The corroboration for the axle bench test and the road vehicle test with the simulated data 
are presented. Initial correlations at 46.5 °C bench tests with the results predicted from the 
simulation are encouraging. At zero torque, values calculated match quite well, supporting 
the empirical formula presented by Jeon [87]. Due to larger errors in the data recording (or 
larger standard deviation) with an increase in applied torque, there is greater uncertainty in 
the findings. Calculation of standard deviation using measurement variation showed data 
capture error is highest at 600 RPM and maximum torque. Furthermore, the road vehicle 
test correlation is within 7% variation of actual test sump temperature. 
 
Figure 5.21: Predicted values of torque loss at 600 RPM 
 
Figure 5.22: Predicted values of torque loss at 1800 RPM 
Figures 5.21 and 5.22 show the variation of torque loss with boundary friction coefficient 
(  ) and surface roughness (  ) for orange gear oil at 600 and 1800 RPM respectively. The 
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boundary friction values are taken from the MTM tests by interpolating values for actual 
SRR. The minimum value of    achieved in MTM tests is 0.08 while 0.1 is the average. 
Surface finish assumes the arithmetic mean value,   , equal to the average value of 0.4 μm 
and surface smoothening after some use of 0.2 μm. The effect of reducing boundary friction 
and surface roughness is higher at higher input torque and speed. This effect reduces with 
increasing pinion speed where thicker films gives lower gear frictional losses. Bearing loss 
and churning loss remain constant because of the constant speed and lubricant viscosity for 
a given pinion speed. Bearing loss is dominated by rolling friction compared to sliding 
friction and oil drag. At zero torque (actually around 2-4 Nm), the results show high film 
thickness which then reduces to become almost constant for half and full torque condition. 
Currently, bench test engineers in the USA are working on improving the insulation and the 
torque gauge measurement. There is a heat loss through the oil circulation pipes. The pipes 
between the sump and the heat exchanger need to be insulated so that the heat transferred 
to the water is the same as that removed from the axle by the oil flow. 
In order improve the captured data; there is a need to estimate heat loss through the 
aluminium base and down the shafts. For this purpose, cooling curves can be recorded 
(after a run, starting with the hot axle) with the external oil circulation for heat exchanger is 
switched off: (a) with the axle stationary and (b) with the axle still spinning (no output 
torque). 
 
5.6 Conclusion 
This chapter presented the modelling results for standard drive cycles and used to evaluate 
the total power loss and overall efficiency for two different lubricants. The thermal model, 
which was improved using vehicle testing and MTM tests, compared with the axle bench 
and the vehicle road tests. There was a good agreement between the predictions and test 
results. The 2 hrs vehicle road test showed correlation within 7%. 
 
 
 PART III:  
SPEED DEPENDENT LOSS TEST 
EQUIPMENT DESIGN & 
DEVELOPMENT 
 
 
  This part describes about 
the test equipment, 
experimental procedure, 
results and findings for the 
speed dependent losses 
LUBRICATION & EFFICIENCY OF REAR WHEEL DRIVE AXLES IN ROAD VEHICLES  
 
GEAR CHURNING- TEST RIG DEVELOPMENT 
130 
6 GEAR CHURNING- TEST RIG 
DEVELOPMENT 
 
 
6.1 Introduction 
The evaluation of speed dependent mechanical losses by designing & developing a single 
gear test rig is presented. A test rig was built to measure churning losses of a rotating body 
in dipped (splashed) lubrication. Dipped lubrication is a way of distributing lubricants to the 
intended destination in enclosed mechanical systems using a rotating component, such as a 
gearbox, engine or axle [3]. In dipped lubrication, a rotating component is partly submerged 
in a lubricant sump. As discussed in the literature review, dipped lubrication incurs lower 
manufacturing cost compared to other methods for lubrication.  In addition to lowering the 
amount of friction and wear in the machine, dipped lubrication also helps regulate the 
temperature of the system. However, dipped lubrication can lead to significant power losses 
especially at higher rotational speeds as it is difficult to control the flow rate of lubricant. 
The focus of this part is about churning losses, which are through viscous dissipation 
because of fluid shearing by a rotating gear. The churning loss contributes to the total 
power loss in the machine by increasing operating temperature for the lubricant. Lubricant 
properties are greatly affected by operating temperature and contact pressures. The 
operating conditions determine the life of the lubricant and the durability of contacting 
surfaces [4]. 
This chapter explains about the test rig design and development, computer aided design 
(CAD) modelling and test procedure. A number of tests have been carried out for a range of 
aqueous glycerol solutions to oils of similar viscosity. The study of the effect of air pressure 
variation in the fluid churning and the windage power loss was observed in the enclosed 
system. The effect of wall adhesion, of inertia forces and of surface tension caused by an oil 
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sloshing phenomenon was observed for the housing and the gear surface. Empirical 
formulae for churning losses using this experimental setup were proposed by correlating 
different fluid properties. 
 
6.2 Test rig development 
 
 
Figure 6.1: Schematic diagram of test setup 
A test rig was designed and manufactured to measure churning losses of a single rotating 
gear in dipped lubrication. A schematic of the test rig is depicted in Figure 6.1 which shows 
the initial plan for the churning loss experiments. All components were designed for test 
setup using first hand sketching and then the CAD software, Solidworks. Different 
performance aspects of components like the shaft, housing, clutch and bearing housing 
were considered before implementing in the design using Shigley et al. [109]. 
6.2.1 CAD model 
The shaft diameter was calculated for the maximum torque required for the most 
demanding test setup. Bending of the shaft needed to be minimised as an oil seal was used 
to create the pressure and the vacuum inside the cylinder. The selected shaft diameter of 8 
mm allowed the use of SKF deep groove bearings, standard oil seal, and has sufficient 
strength. Polycarbonate plates were used instead of Plexiglas for a good mechanical and 
thermal strength along with transparency to see through the oil sloshing behaviour. Figures 
6.2 and 6.3 show the CAD drawings for the cylinder and the polycarbonate plate. 
Cylinder 
Gear 
Bearing Housing 
Clutch body 
Motor Multi-V belt 
Pulley 
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Figure 6.2: Cylinder CAD drawing 
 
Figure 6.3: Polycarbonate plate CAD drawing 
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A cylindrical shape was chosen for the oil housing to minimise complexity in the modelling 
and also to sufficiently represent a real axle through similar radial and axial clearances. One 
gear cylinder was designed with polycarbonate plates on either side to observe oil splashing. 
Figure 6.4 shows an exploded view of the cylinder assembly where a polycarbonate plate 
was assembled with cylinder using eight screws and base hold cylinder using three point 
contact. There was an O-ring slot on the cylinder rib to avoid oil leakage. 
 
 
Figure 6.4: Cylinder assembly exploded view 
 
Cylinder 
Polycarbonate plate 
Base 
O-ring slot 
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Figure 6.5: Dog clutch exploded view 
 
 
Figure 6.6: Dog clutch assembly with positive disconnecting mechanism 
A dog clutch is portrayed as a positive on-off device used to connect and disconnect two 
rotating shafts, as shown in exploded view of the Figures 6.5 and 6.6. Basically, a dog clutch 
contains a short length sliding shaft called ‘the dog’. This clutch is milled semicircular in 
section at both ends with one end more than twice the length of the other. Regardless of 
how far the dog slides in the slot of the clutch body, the long end is always engaged with a 
matching half-shaft from the motor side. However the short end can be engaged/ 
disengaged from a matching half-shaft from the gear side shaft using the moving actuator 
ball as illustrated in the Figure 6.6. This design has the benefit of allowing connecting shafts 
to rotate at the same speed without slipping and with negligible clutch wear [11]. 
Knob 
Brass bearing 
Connect 
Disconnect 
Cover plate 
Sliding plate 
Fork 
Shaft motor side 
Dog clutch 
Shaft gear side 
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Figure 6.7: Churning rig final assembly 
The Figure 6.7 shows the final assembly of the churning rig in the CAD software. 
 
6.2.2 Manufactured rig 
The gear is driven by a shaft, which is supported by a bearing housing made up of two deep 
groove ball bearings. The shaft is speeded up by a multi v-belt transmission with 2.32 pulley 
ratio. A 0.75 kW (1 HP) AC motor with a maximum speed of 144.5 rad/s drives the primary 
axis. So, the maximum achievable speed of the gear is 335 rad/s (2.32 x 144.5). The speed of 
the gear can be changed by varying the voltage of the inverter of the AC motor. 
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Figure 6.8: Manufactured test rig 
Figure 6.8 depicts the manufactured test rig with pressure/ vacuum gauge (0-30 psi). Nitrile 
oil seal with silicon grease was used on the shaft to avoid air and oil leakage along with 
minimum friction losses. A transmissive encoder sensor was incorporated for measuring the 
speed of a rotating gear. The steel enclosure (cylinder) is used to contain the test gears. The 
cylinder has a diameter of 168 mm and a wall thickness of 5 mm. The polycarbonate plates 
on either side of the cylinder are mounted using O-rings to avoid liquid leakage. The test 
gears are mounted on a steel spindle using a bushing clamped by four screws.  
The volume of the cylinder without a gear was 1.77 dm3 and the liquid volume was 0.128 
dm3. Thermocouples are used to measure the oil temperature before pouring and between 
Pressure/ Vacuum gauge Inverter 
Emergency stop 
Dog clutch 
Multi-V belt with 
protecting guard 
Fluid drain 
Computer interface 
Pressure/ 
vacuum pump 
Motor controls 
Oil filter 
DAQ 
Cylinder 
For compressed and 
vacuum experiments, air 
leakage was negligible for 
the test time. 
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the tests. The Figure 6.9 shows the fill level in the cylinder which is 25% of the gear outside 
radius (80 mm). 
 
 
Figure 6.9: Fill level in cylinder (dimensions in mm) 
The specification of the nylon test gear is given in Table 6.1. This gear is used for all the 
churning loss tests presented here. 
Table 6.2 lists the four oils used for the testing. The surface tension values of all the test 
fluids were measured using the technique described by Gianino, based upon the weight of a 
droplet formed using a needle [110]. 
 
Table 6.1: Test gear dimension 
Module   4 mm 
Pressure angle   20° 
Number of gear teeth   38  
Gear width   40 mm 
Gear outer radius    80 mm 
 
Cylinder 
Oil 
sump 
level 
2RC= 168 
h= 24 
Ro= 80 
Rb= 71.372 
Gear 
B= 80 
b= 40 
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Table 6.2: Test oil properties at reference temperatures 
 
 
 
 
 
 
 
Table 6.3: Viscosity range of liquid properties at the test temperature (19-23 °C) 
 Dist. water Oil #1 Oil #2 Oil #3 Oil #4 
νo, cSt 0.966-1.032 62-71 200-472 1091-1537 1475-1834 
ρo, g/cm
3 0.998-0.999 0.850- 0.851 1.004-1.008 0.836-0.838 0.879-0.880 
 
Table 6.4: Properties of distilled water and glycerol solutions for the test at 25 °C 
% by mass of glycerol 
in water 
Viscosity, 
cSt 
Density, 
g/cm3 
Surface tension, 
mN/m  
0 0.8982 0.9973 72.41 
45 3.628 1.109 68.69 
72 18.162 1.183 66.48 
87 88.601 1.223 64.46 
93 256.33 1.242 64.05 
98 539.37 1.252 63.62 
99.5 721.36 1.256 63.36 
 Kinematic viscosity, cSt Density, g/cm3 
15 °C 
Surface tension, mN/m 
25 °C 40 °C 100 °C 
Oil #1 14.8 3.3 0.855 24.96 
Oil #2 30.4 4.6 1.011 31.55 
Oil #3 196.4 23.6 0.842 31.61 
Oil #4 157 15.1 0.884 33.19 
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Table 6.3 and 6.4 depict the property range of test liquids at the operating temperature (19-
25 °C). 
 
6.3 Experimental procedure 
Vacuum and compressor pumps were used to create the required air pressure inside the rig. 
The oil was filled to the prescribed level in the cylinder. Air pressures of approximately 0, 1 
and 2 bar were thus created. 
For the vacuum and compressed air tests, the pump was started until the air pressure 
reached the required level (0 or 2 bar) as monitored using a pressure gauge (Range: 0-2 
bar). Then the pump was switched off to avoid oil suction into the pipe and the same 
procedure as described for atmospheric pressure was followed. 
Figures (6.10- 6.12) show typical inertia rundown results for water, low viscosity oil #1 and 
high viscosity oil #4 respectively, with the error bars (measurement variance) for a set air 
pressure inside the cylinder.  
 
  
Figure 6.10: Inertia rundown for Water 
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Figure 6.11: Inertia rundown for Oil #1 
 
Figure 6.12: Rundown results for Oil #4 
The measurement variance percentage was calculated from the average of three tests 
performed for the same test conditions in the speed range from 3200 to 500 RPM. For lower 
speeds the variance percentage increases to 100% due to the accuracy of data acquisition 
(DAQ) equipment. The results of three tests are shown in Figures (6.10- 6.12) and Table 6.5 
shows the variance. 
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Table 6.5: Measurement variance percentage 
 
Air pressure 
Measurement variance 
% maximum error 
Dist. water Oil #1 Oil #3 
1 bar 2.4 2.3 5.4 
2 bar 2.8 2.7 5.2 
0 bar 4.0 3.2 9.9 
 
The churning torque was measured using the inertia rundown method. The motor was run 
at a maximum speed of 335 rad/s. Once the maximum speed was achieved, the speed data 
acquisition was initiated and the test gear is disconnected from the motor drive so that the 
gear starts to decelerate on its own whilst stirring surrounding oil. Inertia rundown required 
disconnecting from motor drive using the dog clutch. Speed versus time inertia rundown for 
the given oil was captured. Inertia, applied by lubricant to the gear rotation, was subtracted 
from windage, oil seal and bearing inertia giving churning torque. Shaft angular speed 
versus time was captured during the run-down period and the rate of decline of speed was 
used to find the churning torque: 
      
  
  
 
(6.1) 
The total torque acting on the gear is the product of the moment of inertia of the gear 
(               
 ) and the angular deceleration. Therefore, by capturing the gear 
deceleration after the declutching from motor drive, the torque exerted by the churning of 
the test oil was evaluated. 
In vacuum, the only restraining torque during rundown is through churning losses on the 
test gear and a very small contribution from the mechanical losses at the bearing housing 
and oil seal. For compressed air, both churning of liquid and air windage contribute to 
overall losses. Liquid churning power losses were computed by subtracting the power loss 
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measured when the housing was filled to the prescribed level with liquid, from that 
obtained when the housing was empty of liquid. Thus, the power loss due to bearings, seal 
and to windage in the absence of oil was eliminated. These losses were typically 6 W at 310 
rad/s. 
For churning torque, 
               
(6.2) 
For churning power loss, 
         
(6.3) 
The rundown speed data were fitted to a 4th order polynomial. The polynomial was then 
differentiated with respect to time to obtain angular acceleration and then multiplied with 
moment of inertia for the gear and shaft to get the churning torque (Equation 6.1). The 
churning power loss was simply calculated by multiplying the torque with the angular speed 
as shown in Equation 6.3. 
 
6.4 Conclusion 
The test rig that measures the drag torque acting on a gear operating partially submerged in 
lubricant was illustrated. The next chapter will explain the results for a wide range of 
conditions. This will elucidate the influence of the gear speed, air density and lubricating oil 
properties and used as a lubricant grading method for churning losses. 
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7 FINDINGS FROM CHURNING TEST RIG 
 
 
7.1 Introduction 
This chapter will present the results for a single spur gear test rig. This experimental work is 
anticipated to add to the present published experimental studies on churning power losses. 
Also, this effort provides experimental data explaining the influence of key parameters on 
spin losses. A set of parameters will be varied, including fluid properties such as density, 
viscosity and surface tension and air density. Design parameters such as gear module and 
face width, and operating parameters such as immersion depth, rotational speed and 
direction of rotation were kept constant. A range of aqueous glycerol solutions and oils 
were investigated along with the effects of air pressure within the enclosed system. The 
results demonstrate the effects of gravity, of inertial forces, of surface tension and of 
windage on the disposition of the oil affecting churning loss. 
Dimensional analysis was carried out with this experimental database. Empirical formulae 
for churning losses using this experimental setup were proposed by correlating different 
fluid properties. 
 
7.2 Initial observations: Air density and viscosity variation 
When a gear is rotated in an open area and the power input is removed, it drops 
momentum quickly (through windage loss). In a confined area, it takes more time to come 
to a standstill because of the air momentum (kinetic energy) as depicted in Figure 7.1 (a, b). 
Rotating air around the gear provides a cushioning effect, reducing overall losses. It was 
interesting to find the effect of the fluid disposition within the housing while air pressure is 
varied (Figure 7.1 c). Gear used for initial observation is given in Table 7.1. The bearing 
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housing contained a self lubricated ball bearing which was afterwards replaced by a deep 
groove ball bearing to reduce the frictional losses. 
 
 
 
 
Figure 7.1: Different running conditions 
Table 7.1: Test gear dimension 
Module   4 mm 
Pressure angle   20° 
Number of gear teeth   18  
Gear width   40 mm 
Gear outer radius    40 mm 
 
7.2.1 Effect of pressure and volume of air 
There is a reduction of 7% in windage and bearing losses for inertia rundown when 
disconnected at 1500 RPM for a closed cylinder compared to one side open as shown in 
Figure 7.2. 
 
Air flow 
Oil 
Housing 
a. No enclosure b. With enclosure c. With fluid 
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Figure 7.2: Air inside cylinder closure influence 
Since density increases with pressure rise, the intermolecular forces play a more substantial 
role in air behaviour at higher pressures. The density can vary over a wide range because 
particles are free to move closer together when constrained by pressure or volume or both, 
as is the case in the churning rig. This variation in air density is referred to as compressibility. 
Boyle’s law relates pressure,  , and volume,  , at constant temperature,  . 
Ideal gas law, 
       
This can be written as, 
  
 
  
         
Pressure can be referred to as the average force per unit area exerted by the air on the 
rotating gears and cylinder surface area. Viscosity is generally considered independent of 
pressure but increases as the temperature rises for gases. But for liquids, viscosity will 
continuously change when subjected to varying pressure and temperature. 
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7.2.2 Effect of temperature 
 
Figure 7.3: Effect of air temperature rise 
The above Figure 7.3 illustrates the effect of temperature rise on the losses. For 2 and 3 °C 
rise there is an increase of 2.06 and 2.72% in inertia run down time respectively. This is in 
addition to the improvement caused by the confined area. This proves that air plays 
important role in the speed dependent losses. The vehicle axle temperature can reach up to 
150 °C for oil which will increase air temperature respectively. 
These findings formed the foundation for incorporating air density variation where 
improvement is significant. The aim was to observe the effectiveness and reduce windage 
and churning losses using the density and viscosity of fluid and air (mist). 
 
7.3 Results 
Figures 7.4, 7.5 and 7.6 show the power loss comparison of the water, low viscosity oil #1 
and higher viscosity oil #3 respectively. For water, the atmospheric pressure and vacuum 
gave almost the same losses while the compressed air gave lower losses for the whole range 
of gear speeds. For the lower viscosity oils, there was a minimal difference in the churning 
losses. However, as the viscosity increases the behaviour changes. For the more viscous oils 
(#3 & #4) studied the losses were much greater under vacuum than when air was present. 
There is quick retardation in a vacuum and longer running time in compressed air compared 
to atmospheric pressure. 
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Figure 7.4: Churning power loss comparison for water 
 
Figure 7.5: Churning power loss comparison for oil #1 
 
Figure 7.6: Churning power loss comparison for oil #3 
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Figure 7.7: Power Vs Viscosity at constant speed interval for 1 bar 
 
Figure 7.8: Power Vs Viscosity at constant speed interval for 2 bar 
 
Figure 7.9: Power Vs Viscosity at constant speed interval for 0 bar 
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Figures 7.7, 7.8 and 7.9 show variation of the churning power loss with the viscosity at 
constant speed intervals, using the atmospheric pressure, the compressed air and the 
vacuum respectively. Results are shown for the four oils and for water. For atmospheric 
pressure and compressed air, there was approximately constant power loss with increasing 
viscosity of the oils. At a higher speed, power loss initially increased and then declined 
before increasing again with the speed.  
For vacuum, there is a rapid increase in the power loss as oil viscosity increases. Under 
vacuum churning loss increased up to 4 times compared to atmospheric pressure for high 
speed. Water power losses were not much affected by the air pressure variation whereas 
compressed air gave lower losses compared to the other two conditions. 
The results for water show much higher power losses than might be expected from 
extrapolating the results for the oils in figures 7.7- 7.9.  
7.3.1 Effect of surface tension 
In order to investigate the effect of surface tension, a small amount of a surfactant 
(dishwashing detergent) was dissolved in the water. This reduced the surface tension from 
72.41 mN/m for pure water to 62.14 mN/m for the solution at 25 °C. The churning results 
are shown in Figure 7.10. The power loss at high speed was reduced when the surfactant 
was added by around 16%. 
 
Figure 7.10: Surface tension effect of water 
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The churning power loss under compressed air with the surfactant was 30% less than that 
obtained at atmospheric pressure with no surfactant, again at the highest speed. 
7.3.2 Aqueous solutions 
Tests were performed for seven different solutions of glycerol and water as listed in table 
6.4. The viscosity varied from 0.9 to 906 cSt and the density from 1 to 1.26 g/cm3. 
 
 
Figure 7.11: Aqueous glycerol solutions at 1 bar 
 
Figure 7.12: Aqueous glycerol solutions at 2 bar 
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The effect of viscosity variation on power and speed is plotted in Figures 7.11 and 7.12. A U-
shaped power loss relationship can be seen for high gear speeds. At the lower viscosity fluid 
(water) the churning losses are highest and start decreasing with viscosity before increasing 
again for more viscous fluids. Lower viscosity fluids provide lower losses at lower speeds 
however as speed increases lower viscosity fluids, like water and 45% aqueous glycerol 
solution, has the linear increase in power loss. The higher viscosity fluids have a dip in power 
loss before increasing again with the speed. The results in figures 7.11 and 7.12 show similar 
trends to those obtained with oil but led to higher losses - perhaps due to the density and 
surface tension difference. 
 
7.4 Dimensional analysis 
Experiments were carried out from the point of view of understanding more effectively the 
churning losses and the air effect. Dimensionless analysis is performed to consider the 
parameters involved in the given test and their relative significance. 
The variables which are influential on churning power loss have been categorised and 
comprise, 
                                        
Number of physical variables= 14, Fundamental physical units (M, T, L) = 3 
Independent dimensionless variables that can be constructed= 14- 3= 11 
According to Buckingham π theorem for dimensional analysis, 
              
     
  
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
          
  
  
    
(7.1) 
This work considers a single gear at constant fill level and the same cylinder so the values for 
constant dimensionless parameters were, 
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And varying dimensionless parameters were, 
             
  
  
  
We define a power parameter (Pd) calculated from the pressure multiplied by the immersed 
gear surface area and pitch velocity [79]. 
   
    
          
 
(7.2) 
The immersed gear surface area is defined as follows, 
         
Where,    is the lateral surface area and    is the surface area of the teeth 
     
                        
         
      
     
             
We define the Reynolds number (ratio of inertial and viscous forces): 
   
   
 
  
 
(7.3) 
and the Froude number (ratio of inertial and gravitational forces). 
   
    
 
 
(7.4) 
The Bond number [111] is the ratio of the gravitational forces to the surface tension forces. 
   
    
 
 
 
(7.5) 
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For distilled water, the Bond number (Bo  77) is more than 2 times smaller than for the 
oils. 
7.4.1 Power parameter contour plots 
Figures 7.13, 7.14 and 7.15 depict contour plots of the variation of the power parameter 
with Reynolds and Froude numbers. All the plots are on the same scale.  
 
 
Figure 7.13: Contour plot for Power parameter (1 bar, oils) 
 
 
Figure 7.14: Contour plot for Power parameter (2 bar, oils) 
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Figure 7.15: Contour plot for power parameter (0 bar, oils) 
It is noticeable that all the plots show a steep variation of Pd with Fr. In addition, there is, 
when air is present, a distinct difference between behaviour at low speed (bottom of the 
plot) – characterised by a significant dependence on Reynolds number – to the higher speed 
(top of the plot) where the dependence vanishes and the contours become horizontal. 
 
 
 
Figure 7.16: Contour plot of the power parameter (1 bar, aqueous glycerol 
solutions) 
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Figure 7.17: Contour plot of the power parameter (2 bar, aqueous glycerol 
solutions) 
Figures 7.16 and 7.17 show a contour plot of the power parameter against Reynolds and 
Froude number for aqueous glycerol solutions. These results compared with Figures 7.13-
7.14 show that these liquids exhibited a similar trend to the oils. However, the results are 
generally about 25% higher. 
 
7.4.2 Empirical formulae 
The analytical expression of dimensionless churning power     is defined using dimensional 
analysis. The following relation shows the best fit power laws for each of the three air 
pressure (a/o) ranges. 
 
Atmospheric pressure (1 bar), 
For                 , 
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For                 , 
             
                  
Compressed air (2 bar), 
For                 , 
           
                       
For                 , 
            
                  
 
Vacuum (0 bar), 
For                 , 
            
                       
For                 , 
            
                    
 
From the experimental data, relations between dimensional parameters were executed by 
dividing data into the two regimes for three different air densities. The low speed viscous 
regime (sump) shows    varies with   
    and a higher speed regime (peripheral) shows    
is approximately independent of   . Above formulae were proposed to give a general idea 
of the effect of surface tension and air density on the churning power loss. More extensive 
experimental study is required to see the accuracy of these formulae, with some form of 
error indication over the range of testing conditions. 
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7.5 Discussion 
Figure 7.18 shows a schematic of the observed fluid disposition within the chamber. As the 
speed increases, the fluid tends to get distributed more toward the outer circumference of 
the housing, reducing the immersion depth. This fluid can only return to the sump due to 
the action of gravity. Thus, the disposition of the oil in the housing is determined by the 
ratio of inertial to gravitational forces – the Froude number. The low speed fluid disposition 
(central image in Figure 7.18) will clearly create viscosity dependence, since the oil is 
sheared within the fixed clearance between the gear and the housing. 
 
 
 
Figure 7.18: Fluid disposition 
Inertial force is given by the force needed to accelerate the volume of fluid in contact with 
gear by the peripheral velocity of the gear. The inertial force was one of the parameters 
used to normalise the power loss parameter    from churning power loss (Eq. 7.2). The 
figures show that only inertial force was not responsible for the power loss as contour plots 
were not constant. Results show that churning power loss is not a simple dimensional power 
law analysis of the geometry of the device, and density and viscosity of fluid, which most 
previous research proposed. There is a more complicated phenomenon involved which 
needs to be addressed. 
Increasing the speed of gear introduces instability due to the gravity and shear forces acting 
on the air and fluid mixture. Introduction of the air compressibility variation with the speed 
makes this problem more complicated. Surface tension is proportional to the curvature of 
Stationary Low speed High Speed 
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the interface, a geometrical property, also a material property of the two related fluids, thus 
it is a fundamental property of the fluid. 
From empirical formulae proposed, Froude number is one of the dominant parameters 
which affects the power loss. Once fluid is rotating with the gear, return of fluid to the sump 
is controlled by gravity. Another parameter is the Bond number which defines the effect of 
surface tension and gravity. An investigation is carried out by introducing a surfactant into 
the water as illustrated in Figure 7.10. The surface tension was reduced by about 14% giving 
a reduction of about 16% in the power loss. Most of the oils had similar values of    which 
is higher than the aqueous solutions. The possible reason could be the energy required to 
form droplets by rotating gear. Also aeration can affect the fluid properties as discussed in 
[81]. 
The effect of Reynolds number on the power loss parameter shows similar observations to 
previous studies. For slower speeds, viscous forces dominate other forces; however, the 
effect diminishes as viscosity and gear velocity increases. This may be explained as higher 
viscosity fluids are slower to return to the sump and at higher speed there is not enough 
fluid to shear in the clearance. In turn this yields a lower immersion depth and reduced 
inertial losses. 
This may explain the difference between the contour plot for oils (Figure 7.13) and that for 
aqueous glycerol solutions (Figure 7.16). There are U-shaped contours in the upper part of 
Figures 7.13-7.17 which perhaps suggests that both fluid viscosity and air speed (windage) 
may be influential on the power loss. For a given speed, the lowest power loss was obtained 
with an intermediate viscosity and the lowest available surface tension. 
The effect of air as a second fluid in the dipped lubrication was significant and this has been 
neglected in most previous work. For the more viscous fluids, changing the density by 
pressurising or vacuuming air shows reduced or increased power loss, respectively. A 
possible explanation, supported by visual observation during the tests, is that the denser air 
flowing radially from the rotating gear disturbs the free surface of the liquid. In turn, the 
gear teeth become more shallowly immersed and the flow rate of the accelerated liquid is 
reduced, leading to lower power losses. The effect is evidently increased if the fluid is more 
viscous since the return flow of the more viscous fluid is already diminished. 
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7.6 Conclusion 
Investigations were made in the single gear test rig, partly filled with a liquid, measuring the 
effects of fluid properties on the churning loss. The cylindrical enclosure, gear and fill level 
were kept the same while varying liquid properties and air density. By correlating Froude, 
Reynolds and Bond numbers with the power parameter, six different formulae have been 
proposed for the churning power loss. The findings show that inertial and gravitational 
forces mainly control the losses. Under vacuum, the churning losses were increased up to 
4.5 times for the most viscous oil. Compressed air gave a reduction in losses under some 
conditions. 
It was found that the churning losses were significantly affected by the fluid disposition 
within the housing. In turn, this was primarily determined by the ratio of inertial forces to 
gravity (Froude number) but was also affected by air pressure. This can probably be 
explained by the effect of air flow (windage) on the liquid disposition, a factor neglected in 
much previous work. 
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8 DISCUSSION 
 
 
In recent years, driveline efficiency has become a significant aspect of automotive design. 
The main task has always been to minimise losses in the driveline which in turn minimise 
carbon emissions while maintaining durability. The aim of the present work was to model 
the entire system so that the overall efficiency can be predicted for the rear drive hypoid 
axle. The realised efficiency losses of a final drive may be ascribed to load and speed 
dependent power losses as shown in Figure 2.15. The major influencing variables for the 
efficiency of a final drive, depicted in Figure 2.7, include the lubricant and lubrication 
system, the gear design parameters and gearing system, bearing and seal types, and also, 
drive cycle and working conditions which alter the above variables.  
The theoretical research presented here explains the development of a method for 
predicting rear drive axle efficiency. The procedure, which allowed the assessment of 
simulation model behaviour, which included a variety of vehicle design variables, drive 
cycles, and the design, implementation, and evaluation of experiments. The experiments 
included MTM tests, axle bench tests, vehicle road tests and churning loss tests. 
 
8.1 Simulation: Full vehicle model  
A study, combining friction and churning for predicting efficiency losses for the geared 
system has been presented in Chapters 3 to 5. This methodology incorporated a gear 
contact analysis model and a traction coefficient model with a mechanical efficiency 
formulation for different terrain conditions. An elasto-hydrodynamic (EHD) analysis was 
applied to investigate the influence of gear friction. Shear thinning of the lubricant and the 
temperature rise in the contact between the meshing hypoid gear teeth was included. The 
instantaneous Eyring stress was measured with varying temperature and pressure from 
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friction test results. Gear and bearing friction along with oil churning were combined to 
predict effects of lubrication in the hypoid gear pair system. The drag coefficient varied with 
vehicle velocity while the rolling resistance coefficient varied with both tyre pressure and 
vehicle velocity. A transient thermal model took drive cycle as an input and included vehicle 
performance: acceleration, breaking and road gradient and gave axle efficiency with a 
calculation of power and torque loss and axle bulk temperature. 
The variables that have effects on fuel consumption were modelled so as to give sufficient 
accuracy while limiting the simulation time. Hypoid gear surface finish, taper roller bearing 
design, lubricant properties, oil fill quantity, and pinion bearing preloads were the design 
variables were included. They had varying levels of significance but all directly affected axle 
system efficiency. 
Results showed that the specified vehicle duty (the drive cycle) was the most important 
parameter in determining the bulk axle temperature rise. Another key factor affecting the 
overall efficiency was the lubricant formulation. It was found in the simulation (Section 5.5) 
that to maximise efficiency and minimize operating temperatures under low torque and 
high axle speed conditions, low viscosity fluids are preferred. In contrast, under high torque 
and low axle speed conditions, higher viscosity fluids are more efficient. The addition of a 
friction modifier that reduced the boundary friction to 0.03 was shown to give a 22% 
reduction in losses for the most severe drive cycle while making a negligible difference 
under light duty. 
The specified vehicle duty was a key factor in controlling the bulk temperature rise of the 
axle and the overall efficiency can be strongly influenced by the choices available to the 
lubricant formulator. Taken together, the findings from full vehicle model suggested that 
use of specialist gear lubricant formulations for particular vehicle duties to achieve optimum 
fuel economy may be possible. 
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8.2 Experiments: MTM testing 
MTM (tribometer) tests were carried out to determine the EHD traction characteristics of 
five different formulated gear oils as detailed in Chapter 4. The tests consisted of thirteen 
steps containing seven Stribeck curves together with six rubbing steps at constant 
temperature and load.  Specimens undergo four tests at increasingly severe conditions 
where SRR increased from 5 to 100%. The non-Newtonian data required for the traction 
calculation in the full vehicle model were derived from the MTM tests. The variation of 
Eyring stress was measured at various temperatures and pressures. There was an increase in 
Eyring stress with temperature and also with pressure- before the limiting shear was 
reached. MTM tests findings suggested that the running-in speed range for a gear lubricant 
is preferred in a mixed lubrication region where sliding-rolling contact prevails.  
It was found necessary to use the Roelands equation rather than the Barus equation for the 
modelling of in contact high-pressure viscosity for the more viscous grade of oil in contrast 
to the suggestions of earlier workers. At high SRRs and entrainment speeds, shear heating in 
the thermal EHD region was accounted for, using a non-linear viscoelastic model.  
 
8.3 Experiments: Axle bench and road test 
An axle bench test and a vehicle road test for a full size pickup truck were carried out at a 
research facility in Ashland, KY, USA with guidance for the test setup and procedure being 
provided by the author. A test matrix was defined to evaluate the difference between the 
energy lost for the different oils and to compare with the predictions of the model. 
Chapter 5 presented the corroboration for the axle bench test and the road vehicle test with 
the simulated data. The bench tests were carried out for three different speeds and torques. 
Due to heat loss, the test could not reach the upper set-point of 70 °C with lower speed and 
torque conditions. Bench test results were therefore compared at the lower set-point of 
46.5 °C. Two gear oils, yellow and orange, were compared at same starting temperature. 
The test was run and data recorded until the sump temperature stabilised. The test 
captured the input and output torque along with the lubricant temperature. The vehicle 
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highway test captured the temperatures and air velocity around the vehicle and the axle, 
lubricant sump temperature and altitude. 
The comparison with the simulation showed good correlation with the bench and road 
tests. The yellow gear oil gave more losses than orange gear oil primarily because its density 
and viscosity are higher. The predicted values of power loss from the full vehicle model 
were within the standard deviation, proving the modelling approach. The effect of boundary 
friction and surface roughness increased with the applied torque. The empirical formula 
used for churning loss gave a good correlation with the axle bench test. Correlation of the 
bulk temperature of the axle during a road test for predicted and measured values was 
within 7%. 
 
8.4 Experiments: Speed dependent loss testing 
A test rig was developed to study the effect of fluid properties on churning loss. The tests all 
had the same geometry and fill level but variations in fluid viscosity, density and surface 
tension were explored as explained in Chapter 6 and 7. Additionally, there was an 
investigation into the influence of the pressure of the air within the enclosure. Correlations 
with Froude, Reynolds and Bond numbers have been presented through the six different 
formulae based on the air pressure variation. Combined data for the oils and aqueous 
glycerol solutions have been used to propose formulae for the churning loss. In the future, 
these formulae can be modified for different gear and casing geometry, air pressures, tooth 
meshing and fill levels. 
Findings have been presented which show the effect of surface tension, air density and 
gravity on churning loss in the single gear test rig. The churning losses increased by a factor 
of up to 4.5 times for the most viscous oil when the air was evacuated from the enclosure. 
Increasing the pressure above ambient gave reduced losses under some conditions. 
Introducing a surfactant reduced the surface tension by a factor of about 17% and resulted 
in a reduction in the churning power loss of up to 16%. It was concluded that there is a need 
to include influences of surface tension and air density in any predictive models for churning 
loss. 
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It was found that the churning losses were significantly affected by the fluid disposition 
within the housing. In turn, this was primarily determined by the Froude number but was 
also affected by air pressure. The concept of separate regimes corresponding to identifiable 
dispositions of fluid may be a useful simplification (Figure 7.18). 
The findings of the churning rig cannot be applied directly to the vehicle because the 
geometry of the enclosure and the gear along with fill level are expected to have a strong 
influence. However, dipped lubricated machinery shows trends that are qualitatively similar 
to those observed here. 
 
8.5 Overall achievements and significance of the research 
This research was focused on the way in which lubricant properties can affect the overall 
efficiency of the axle. Density, thermal conductivity, specific heat capacity variation with 
temperature, and viscosity variation with temperature and pressure were explored 
theoretically and by experiment. This included investigating elastohydrodynamic properties 
of lubricants including Eyring stress variation with temperature and pressure, and pressure 
viscosity coefficient variation with temperature. Also the effect of surface tension on 
churning losses was studied. 
This is the first time that entire hypoid rear axle efficiency has been predicted in a way that 
takes vehicle drive cycle and lubricant properties as inputs and predicts load and speed 
dependent losses giving overall axle temperature. The close agreement in temperature 
between the road and bench testing and the simulation suggests that the modelling 
approach is satisfactory. The modelling results showed that the different lubricant 
formulations were optimal under different drive cycles. 
The test rig developed for oil churning showed a strong influence of the air on power losses 
and of the surface tension of the oil. The research led to inventions [112] related to the way 
in which windage can be used to direct and manipulate oil disposition. There is a need to 
include surface tension and air density in any predictive models for churning loss. 
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The test results showed that the efficient gear lubricant may be formulated by lower 
viscosity and surface tension. This can also flow to difficult places easily and cover 
contacting surfaces better. 
 
There are a number of implications of the present work for modelling, testing and predictive 
models: 
1. The intended use of the vehicle greatly affects the temperature in the axle and 
hence determines the ranking order of lubricants. 
2. The overall efficiency is strongly influenced by the lubricant formulation. 
3. The effect of pressure and temperature on the lubricant properties must be 
determined/ predicted to improve EHD traction characteristics. 
4. The Roelands equation can be used for the viscosity pressure relationship of more 
viscous grade oil. 
5. The air as well as the lubricating fluid must be modelled for churning losses. 
6. The surface tension has a key effect on the churning losses suggesting bubble and 
droplet formation must be modelled. 
7. The interaction of droplets and (moving) surfaces also needs to be incorporated. 
All in all, this research work demonstrated the effective use of both modelling and 
experimental work to discover the important parameters affecting the final drive efficiency 
that can be used for design and product improvement activities. 
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9 CONCLUSION 
 
 
In an effort to improve hypoid rear axle efficiency for light duty trucks, an initiative was 
undertaken to reduce frictional losses through the use of different gear lubricants. Lubricant 
rheology and composition can affect both torque and speed dependent losses, affecting the 
mechanical efficiency and hence the operating temperatures. It was found that the optimal 
lubricant rheological properties required to maximise final drive efficiency and to minimise 
operating temperature varied with operating conditions. 
Power losses due to churning effects can be as much as three times the combined losses 
due to sliding friction, rolling friction and windage at lower power and higher speeds. The 
findings from the churning test rig will increase the accuracy of predicted churning loss 
formulae and give better knowledge on the significance of the affecting parameters. 
 
9.1 Final drive modelling and correlation 
A model consisting of a quasi-static thermal lubrication formulation coupled to a transient, 
lumped mass, bulk thermal analysis for the hypoid axle has been described. The model 
included road loads, forced and free convection, EHL traction and churning losses. The 
effect of different lubricant properties on fuel economy was studied which included the use 
of a standardised tribometer to extract lubricant parameters. 
The results from the full vehicle modelling show that the different lubricant formulations 
are optimal under different duty cycles. The efficiency of the axle and the ranking order of 
lubricants varied in relation to the drive cycle. In the real life applications, specifying 
different speciality gear lubricants according to the intended vehicle usage can improve the 
overall efficiency of the vehicle.  
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The bench and vehicle road tests were performed in limited conditions; the initial results 
were encouraging and correlated with modelling results within the error band. Additional 
improvement in axle temperature control and torque measurement at higher torques can 
give better insight on modelling effort. 
 
9.2 Churning power losses: design, development & application 
A simple test rig was designed and manufactured to measure churning losses of a single 
rotating gear in dipped lubrication. Dimensional analysis of the churning test rig results 
showed that the losses are mainly controlled by the balance of inertial and gravitational 
forces. 
The test results illustrated that the churning losses were significantly affected by the fluid 
disposition within the housing. This effect can probably be described by the effect of surface 
tension, windage and aeration on the fluid disposition, factors neglected greatly in previous 
work. The current results strongly suggest that both surface tension and the effects of air 
(aeration) need to be included in any analytical models. 
 
9.3 Overall achievements and significance of the research 
The axle efficiency model was generalised to incorporate any vehicle, drive cycle, lubricant 
and axle design. This emphasises the possibility of utilising the proposed model as a 
computationally efficient design tool for predicting the total axle power losses and using it 
for design and product improvement activities. Also this work has the potential to form a 
foundation for future modelling of efficiency of other types of transmissions. 
A simple test rig for churning losses was designed and developed which lead to inventions 
related to the way in which windage can be used to direct and manipulate oil disposition. 
Final drive units in four-wheel drive and rear wheel drive road vehicles have similar 
clearances and are of a similar overall size of the system studied here suggesting that similar 
behaviour may incur. 
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9.4 Further improvements 
Hypoid gear pair contact efficiency was approximated using Buckingham’s method which 
can be improved to analyse the tooth action for the purpose of determining instantaneous 
sliding velocities and resulting efficiencies. Also losses due to seal friction can be included to 
improve total power loss prediction. The bearing friction power loss predicted using point 
contact traction models needs further work on developing a test rig and validation (Figure 
3.12). 
In order to get torque loss for 70 °C set-point temperature, there is a need to improve the 
insulation and the torque gauge measurement for the axle bench tests. The MTM tests can 
be carried out to have more data on Eyring stress variation with temperature and pressure. 
This will further improve the full vehicle modelling. 
There is a need to explore more the effect of the gear and housing geometry, air pressure 
and fill levels in the churning loss experiments. A multiphase CFD model for predicting 
churning losses can be developed for different air pressures and surface tensions. This 
model can be compared with experimental results. 
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